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Double Exchange Parameters in
Lightly Doped Manganites
ABSTRACT — In Chapter 3, an approach was introduced for the compu-
tation of interactions and overlaps between localized excited states in extended
systems. In this chapter, the method is applied to study the double exchange
parameters in lightly hole and electron doped manganites. The hopping ma-
trix elements between localized states are obtained as the matrix elements of the
Hamiltonian of a large embedded cluster between mutually non-orthogonal multi-
configurational wave functions. Each wave function describes a localized ionized
or added-electron state. These wave functions are expressed in terms of localized
orbitals. Expressing the electronic states in terms of localized orbitals allows one
to account in a rigorous manner for the local electron correlation and relaxation
effects. We compare the hopping matrix elements with those obtained within the
conventional embedded cluster approach.
In the lightly hole doped LaMnO3 and lightly electron doped CaMnO3, we find
different effective hopping matrix elements or ”double exchange” parameters in
the ab planes (in the Pbnm space group) which are larger than along the c axis.
This anisotropy is less pronounced in La0.75Ca0.25MnO3, where we find the dou-
ble exchange parameters within the ab planes and along the c axes to be of the
same magnitude. In LaMnO3 and CaMnO3, a simple model for the interactions
reveals predominant σpi -type interactions. In La0.75Ca0.25MnO3 the interactions
are found to be of σσ- type.
In all cases, we find nearly perfect agreement for the spin-dependence of the
double exchange parameters with the model of Anderson-Hasegawa. The next-
nearest neighbours parameters are more than an order of magnitude smaller than
the nearest neighbours ones.
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4.1 Introduction
4.1.1 Local parameters in extended systems and localized or-
bitals approaches
A considerable amount of investigations on different materials has shown, that the lo-
cal properties of transition metal compounds can be probed, using embedded clusters
containing one or two transition metal ions and a shell of anions embedded in effec-
tive model potentials [2–5,8–11]. For example, the energies of crystal field excitations
in TM oxides are accurately described within the embedded cluster model, making
use of multiconfigurational representation of the wave functions [66,67] of the ground
and excited states that incorporates the dominant part of the non-dynamical correla-
tion effects. The dynamical correlation effects are often estimated by a second-order
perturbation theory with reference multiconfigurational wave functions [72].
Furthermore, the cluster approach has been validated by the authors of reference
[11] who considered the possible presence of collective effects in magnetic coupling in
ionic solids by calculating the Heisenberg constant J in different cluster models having
more than two magnetic centers. They found, that indeed in some nickel fluorides, TM
oxides and cuprates the interactions between two magnetic centers are local and the
two-center clusters are sufficient to describe them. The magnetic exchange parameter
J emerges from the phenomenological Heisenberg Hamiltonian [7]. Another simple
model Hamiltonian is parameterized by only two parameters, the nearest neighbour
exchange parameter J and a hopping integral t. More elaborate models, for example
the Hubbard-Heisenberg models, make use of a larger set of local effective parameters,
that includes also interactions between next-nearest neighbours. The local effective
parameters are t, t’ and J. Values for these effective parameters have been successfully
determined over the last decade within the conventional embedded cluster approach
[8–15].
Recently, a study of J of some cuprate semiconductors carried out at the same
theoretical level by means of both embedded cluster model and periodic calcula-
tions has validated the cluster model [18] for this problem. The hopping integrals t
and other localized parameters can also be well described within the embedded clus-
ter approach [10]. The most recent validation of this statement are studies of the
hopping parameters t in spin ladder compounds SrCu2O3, Sr2Cu3O5 and CaCu2O3
performed by Bordas and co-workers [8, 9]. Although this conventional embedded
cluster approach has proven to be successful in the applications outlined here, it has
some drawbacks, that complicate or prohibit in some cases the extraction of localized
parameters. One drawback is related to the cluster model itself whereas the other is
relevant to obtaining the correct wave function with localized electron states on either
one of the cluster centers. Since the site symmetry of the TM ion in the cluster is
lower than its actual symmetry in the crystal, it may lead to some cluster artifacts.
The orbital optimization may become rather cumbersome in larger clusters. It may
also lead to delocalization of the orbitals over the entire cluster. Although this orbital
delocalization has not restrained in all cases the extraction of localized parameters,
the use of a localized orbital basis as a starting point in the computation of localized
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parameters is more attractive.
The concept of employing localized orbital sets in describing localized properties
in molecules and solids has evolved considerably the last decades. Among the most
used ones are the localization schemes of Boys [73], Edmiston-Ruedenberg [74] and
Pipek [75]. All these localization methods belong to so called a posteriori localization
schemes that make use of relocalizing unitary transformations. The a posteriori lo-
calization schemes however do not resolve all problems outlined above. The localized
orbital set should be generated from the start.
Along with the a posteriori methods, a priori methods emerged that allow one
to start from the beginning with a localized orbital set [16, 17]. Among these are
the one proposed by Adams [43] and recently Maynau and co-workers developed a
priori method that uses the one-particle density matrix to generate directly localized
orbitals [77].
We developed an alternative method to compute inter-site interactions that makes
use of super-cluster wave functions, expanded in a localized orbital basis, generated
within a priori localization scheme. The localized orbitals are obtained from CASSCF
calculations on smaller embedded clusters that we denote as ”fragments”. Within the
new scheme, the super-clusters are viewed as consisting of two or more overlapping
”fragments”, each centered around a TM ion. The symmetry point group of the
fragment is the same as the site symmetry at the TM ion in the extended system.
The localized states of the super-clusters are represented by CASCI wave functions
expressed in terms of the localized orbital set. This Overlapping Fragment method
was described in Chapter 3. The inter-site parameters are defined as the effective
matrix elements between different localized states of the super-cluster.
4.1.2 Double exchange in lightly hole and electron doped man-
ganites
To demonstrate the method we choose an application, that is relevant to the conduc-
tivity properties of the perovskite manganites La1−xCaxMnO3. These materials have
attracted considerable interest due to the interplay between magnetism and transport
properties [36]. In the present study, the effective hopping matrix elements are con-
sidered for localized hole (for compounds with x≈0) or electron (for x≈1) states in
lightly hole or electron doped manganites. In addition the compound with a hole dop-
ing corresponding to x=0.25 is also studied. The new approach allows one to study
the hopping of a hole or electron, introduced in the material by doping, with their
electronic polarization clouds. The effective hopping matrix elements are obtained
in terms of the Hamiltonian matrix elements between states with a localized hole or
electron.
The first studies of the perovskite type manganites La1−xAxMnO3 (A=Ca, Sr,
Ba) have been carried out by Jonker and van Santen [30,31]. The ground state of the
perovskite manganites La1−xCaxMnO3 in the concentration region 0.2≤x≤0.5 and
a temperature T below the Curie temperature Tc for a given x, is a ferromagnetic
(FM) metallic phase. At concentrations x=0 and x=1 the materials are antiferro-
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magnetic insulators. Shortly after the discovery of these compounds, Zener [19, 20]
has introduced the concept of the ”double exchange”, DE, that correlates the conduc-
tivity and ferromagnetism that had been found by Jonker and van Santen. Zener’s
mechanism, despite its simplicity, seems to describe qualitatively the relation between
ferromagnetism and conduction in the FM phase below Tc.
The concept of the DE model has been invoked in many studies as the basic
microscopic mechanism that explains the coexistence of a long-range FM order and
a drastic increase in the electrical conductivity below the Curie temperature Tc for
0.2≤x≤0.5 [19, 20]. This effect is the so called colossal negative magnetoresistance
(CMR) [54]. Although the DE model provides a qualitatively correct description of
these materials, recent theoretical and experimental studies [39–41] have addressed
the two-phase metal-insulator competition that occurs at Tc at concentration x for
which the FM phase represents the ground state at the low temperatures (T lower than
Tc). Contrary to the prediction of the DE model, the phase at x∼0.2 is insulating
and FM [44, 45]. Above Tc, so called charge ordered (CO) structures have been
detected in neutron scattering studies [42,43]. A recent informal paper by Dagotto [37]
addresses the existence of a competition between the CO states and the FM metalic
state. Hotta and co-workers [39] discussed also the possibility of a contribution of
the FM insulating phase near Tc to the CMR. In fact, Millis and co-workers [46]
pointed out that the CMR effect, predicted only on the basis of the DE model is
expected to be much smaller than observed. They also provided an explanation for
this discrepancy, including in the model a large lattice distortion above Tc [47]. This
distortion is expected to be partially removed below Tc. Although these studies
indicate that the DE model is alone insufficient to explain the CMR effect, the double
exchange mechanism is a necessary ingredient for its understanding. Some of the DE
parameters, obtained in the current manuscript, are concerned with the FM ground
state of the doped LaMnO3 at a doping concentration 0.25 for a crystal structure
refined at T=100 K below Tc ∼ 220 K.
The compounds with x=0 (LaMnO3) and x=1 (CaMnO3) are the end members
of the series La1−xCaxMnO3. The Mn ions formally have either four or three 3d
electrons. Depending on the stchiometry and T, the intermediate compounds display
either a CO phase or contain 3d electrons shared between two or more Mn sites [48].
The charge state of the O ions in these compounds has also been questioned. The
study of Jonker and van Santen [30, 31] assumes that the O ions can be regarded as
O2− independent of the values of x and the nature of A. Ab initio embedded cluster
studies [48] on the half doped La0.5Ca0.5MnO3 have shown that indeed the ionic
ansatz with O2− ions is a reasonable first approximation to the electron distributions
of the ions. Periodic unrestricted Hartree-Fock studies [49, 50] of Zheng and Ferrari
questioned the ionic ansatz with O2− ions in the same half doped form. In the
following discussions, we will adopt this ionic ansatz, however, we note that in fact
the O ions are involved more in the physics of the compounds than being just present
in the structure. Locally, the Mn ions have high spin coupled electron configurations,
that arise from the weak crystal field. In the undoped compounds, LaMnO3 and
CaMnO3, the exchange couplings between the high-spin Mn ions were found to be
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weak [51, 52]. The nature of the magnetic interactions is often described in terms of






The nearest-neighbour exchange couplings within this model Hamiltonian in the ab
planes (in the Pbnm space group) of LaMnO3 and CaMnO3 are ≈ 0.8 meV [51, 53]
and ≈ -2.0 meV [52], respectively. The Mn spins are ordered ferromagnetically in
the ab planes of LaMnO3 and antiferromagnetically in CaMnO3. Both compounds
have antiferromagnetic coupling perpendicular to the ab planes, ≈ of -0.6 meV. The
MnO6 fragments are almost octahedral in CaMnO3, whereas static distortions with
so called orbital ordering are present in LaMnO3 [36]. The ratio of the magnitudes
of the DE parameter and the magnetic exchange parameter J will have an impact on
the formation of small self-trapped ferromagnetic polarons [55–57]. We will address
this question in section 4.5.
Zener’s DE formalism assumes that both electric conduction and ferromagnetic
coupling arise from an electron transfer from a Mn3+ ion through the closed shell
of an O2− ion to an adjacent Mn4+ ion. Although this picture is oversimplified, it
captures the tendency to ferromagnetism [37]. In section 4.2.1, following Zener, we
introduce two normalized wave functions ΨIa and Ψ
J
b that reflect two electron config-
urations of a system of two neighbouring Mn ions, MnI and MnJ , before and after an
electron transfer from MnI to MnJ . Consequently, we obtain the Hamiltonian HIJab
and overlap SIJab matrix elements between these localized wave functions and define
the DE parameters in terms of these matrix elements. According to Zener [19,20] HIJab
are non-vanishing only if the spins of the two 3d-shells at MnI and MnJ are coupled
in parallel. Zener deduces the conclusion that the conduction electrons are itinerant
only in an environment of parallel spins and therefore, conduction only occurs for
ferromagnetic coupling. Furthermore, the DE mechanism that leads to lowering the
energy of the system only occurs if conduction electrons are present. Zener concludes
that ferromagnetism does not occur in the absence of conduction electrons or other
indirect couplings. This concept of strongly coupled ferromagnetism and conduction
is re-considered by Anderson and Hasegawa [23]. Although HIJab is indeed expected
to be largest in case of high spin coupling between the MnI and MnJ sites, the as-
sumption that for all other spin couplings HIJab is zero is not confirmed. Anderson and
Hasegawa [23] demonstrated that in first approximation, the DE parameter t between
two sites, one having spin S0 and the other spin S0 + 12 is proportional to the spin




(2S + 1)t 1
2
(4.2)
with S=|2S0+ 12 |... ... 12 .
In the present investigation, we determine t in lightly hole doped LaMnO3, in
La0.75Ca0.25MnO3 and in lightly electron doped CaMnO3. As noted above, we study
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the dependence of t on the total spin S. This allows us to verify the approximate
relation in Eq. (4.2). Recently, Guihe´ry and co-workers [58, 59] have confirmed the
validity of the Anderson-Hasegawa model in their analysis of the low-energy spectrum
of DE systems.
The manganites are materials with strong electron correlation effects. Independent
electron approaches such as Hartree-Fock or Density Functional Theory are unable
to express the complex multiconfigurational nature of the wave functions of the sys-
tems. Quantum chemical methods, that account explicitly for electron correlation
and relaxation effects are more appropriate in describing the properties of these sys-
tems. The cluster models enable the explicit inclusion of local electron correlation
effects. They also ensure that the electronic relaxation effects at the hole (or electron)
site and its nearest environment are taken into account, because the hopping particle
moves together with its electronic polarization cloud. This local approach provides
an elegant approximation of the matrix elements of the Hamiltonian of an extended
system by those of the effective Hamiltonian of an embedded cluster. Extracting
two-center parameters requires the use of super-clusters which contain at least two
and sometimes more TM centers. For such large clusters, the orbital optimization
may become cumbersome especially for low point group symmetries. Employing the
overlapping fragment approach circumvents this problem.
In CaMnO3, the Mn spins have weak antiferromagnetic coupling in all directions
of the crystal. We analyze the possibility of a formation of a local ferromagnetic spin
region in the AFM lattice of CaMnO3, induced by the DE coupling. In LaMnO3,
the spins are coupled ferromagnetically in the ab planes and antiferromagnetically
along the c axes. The relevant 3d (eg-like) Mn orbitals are oriented in the ab planes
and hence also the holes are mainly oriented in these planes. Therefore, we expect
larger t in these planes than along c. The manuscript addresses also the question
whether or not t is strongly reduced when a Jahn-Teller distortion is present in the
system. We calculate t in LaMnO3 not only for the experimental structure with Jahn-
Teller distortions, but also for an idealized JT undistorted but yet tilted geometry.
We expect similar DE parameters in all three directions in CaMnO3, because of the
absence of Jahn-Teller distortions in this compound and similar magnetic couplings
in all three directions. In La0.75Ca0.25MnO3, the spins are coupled ferromagnetically
in all three directions. For this compound, we consider the hopping of a single eg -like
electron between two Mn sites which are in different valence states, Mn3+ and Mn4+
(see section 4.4). We anticipate the magnitude of t, associated with this hopping
to be similar in all three directions. In X-ray diffraction experiments [28, 29] the
precise position of the Ca ion in the unit cell is general and hence the positions of
the nearest-neighbouring Ca ions around our model Mn2O11 clusters are defined with
a certain randomness (see section 4.4). In the Mn2O11 cluster models, studied in
this manuscript, this randomness is constrained to some chosen La/Ca configurations
around Mn2O11. These configurations lead to a different orientation of the relevant
3d (eg-like) Mn orbitals at two neighbouring Mn sites and therefore, different types
of hopping matrix elements are anticipated. In CaMnO3, the presence of two nearly
degenerate low lying electron states, leads also to various hopping matrix elements.
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We consider the anisotropy of the DE parameters for the three compounds.
The rest of the chapter is organized as follows. First, we give a brief overview
of the theoretical approach used to calculate the hopping matrix elements between
localized hole or electron states in extended systems with strong electron correlation
and relaxation effects: in section 4.2, we provide a definition of the so called double
exchange (DE) parameters in terms of the Hamiltonian matrix elements between the
localized hole and electron states. Section 4.3 shows how to use the OF method for
the construction of the super-clusters CASCI wave functions for the localized hole or
electron states. Section 4.4 gives computational information. Next, we report our
results and analyses for the double exchange parameters for three members of the
series La1−xCaxMnO3: LaMnO3, La0.75Ca0.25MnO3 and CaMnO3. Furthermore,
the spin dependence of the DE parameters is compared to the Anderson-Hasegawa
model [23]. A comparison with the conventional embedded super-cluster approach
using CASSCF wave functions is provided as well.
4.2 Definition and computation of the double ex-
change parameters
We consider the hopping of a hole or an electron, introduced via doping in an extended
system with strong electron correlation effects. The normalized many-electron wave
functions ΨIa and Ψ
J
b describe localized states, a and b, before and after an electron
transfer between the neighbouring ions MnI and MnJ ,
ΨIa → ...Mn3+I O2− Mn4+J ...
ΨJb → ...Mn4+I O2− Mn3+J ...
One constructs linear combinations of ΨIa and Ψ
J
b wave functions for the hole









Assuming orthogonality between the localized states ΨIa and Ψ
J
b , the energy gain is
equal to one-half the energy splitting 4E between Ψ+n and Ψ−n , i.e., to the Hamil-
tonian matrix element HIJab =〈ΨIa|H|ΨJb 〉. Hˆ is the Hamiltonian of the extended sys-
tem. We define the quantity t=−4E2 as DE parameter. When the overlap integral












2 . We can still define an effective hopping matrix element
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where 4=HJJbb -HIIaa
The Hamiltonian matrix elements and overlap integrals in Eq. (4.4) and Eq. (4.5)
are the necessary ingredients for the computation of the DE parameters. They are
calculated within the framework of the new computational method introduced in
Chapter 3. The method makes use of the embedded cluster approach, but uses the OF
approach for constructing the super-cluster wave functions. The many-electron wave
functions ΨIa and Ψ
J
b are considered to be antisymmetrized product wave functions [24]
of a MC wave function ΦIa(r1, r2, ...., rN) or Φ
J
b (r1, r2, ...., rN) for a N -electron super-
cluster and a wave function ΦE0 (rN+1, rN+2, ...., rM−N), describing frozen electron
density distribution for the remaining M-N electrons of the extended system,




a represent hole or electron states of the super-cluster. The N -electron
super-cluster is built for a relevant portion of the extended system where the extra
hole or extra electron reside. In this case, the super-cluster contains at least MnI
and MnJ and their neighbouring O ions. Choosing the approximation Eq. (4.6) for
the wave functions ΨIa and Ψ
J
b allows one to use the embedded cluster approach for
the computation of HIJab and S
IJ
ab . Within this formalism, the matrix elements H
IJ
ab
and SIJab between antisymmetrized product wave functions are approximated by the
matrix elements HCIJab and S
CIJ
ab for the super-cluster. H
CIJ
ab is the matrix element
of the N-electron Hamiltonian HˆC between MC super-cluster wave functions ΦIa and
ΦJb ,
HIJab ≈ 〈Aˆ[ΦIaΦE0 ]|H|Aˆ[ΦJbΦE0 ]〉 ≈ 〈ΦIa|HC |ΦJb 〉 = HCIJab (4.7)
Model potential techniques are used to incorporate in an approximate manner the
effects of the electrons and nuclei that are not included in the super-cluster [24, 62].
The overlap matrix elements SCIJab are obtained similarly. The MC expansions of Φ
I
a
and ΦJb ensure the explicit inclusion of the local electron correlation and relaxation
effects accompanying the ionization (hole states) or electron addition (electron states).
Within the conventional embedded cluster approach, the super-cluster MC wave
functions are constructed using orbital basis sets obtained in an orbital optimization
for the super-cluster. This well established formalism has been routinely employed
in the calculation of various localized magnetic and electronic parameters in solids,
including hopping matrix elements [8–15]. As mentioned in section 4.1.2, in some cases
the orbital optimization for large clusters with low point group symmetry becomes
cumbersome and it may lead even to delocalization of the orbitals involved in the inter-
site interaction over all sites of the cluster. We re-direct our attention in the following
sub-section towards the construction of the super-clusters MC wave functions in an
alternative manner, starting from localized orbital sets derived from CASSCF [66,67]
calculations on fragments. Each fragment is centered around a different TM site. By
expressing the electronic states of the super-cluster in those localized orbital sets, we
also avoid an unbalanced description of the electron density around the TM sites.
aThe wave function arguments ri are omitted for simplicity
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The final super-clusters wave functions are constructed as CI wave functions, using
the OF scheme.
4.3 The Overlapping Fragment Approach ’at work’
The Hamiltonian matrix elements that we aim to calculate, are associated with the
hopping of a localized hole or electron in hole or electron doped manganites. The effec-
tive matrix elements are calculated using embedded super-clusters containing either
two or four Mn ions plus the first neighbouring shell of O ions. This leads to [Mn2O11]
and [Mn4O20] super-clusters, respectively. The four-center clusters, containing MnI ,
MnJ , MnK and MnL, are illustrated in Figure 4.1 and Figure 4.2. The Mn ions in
these clusters are in a square-like arrangement. The two-center clusters [Mn2O11] are
employed to obtain the nearest- neighbour DE parameters. The four-center clusters
allow us to probe the next-nearest neighbour hopping parameters and to investigate
the dependence of the nearest-neighbour parameters on the presence of the electron
distribution clouds of other ions in the extended system. The super-clusters are viewed
as consisting of smaller overlapping fragments. In the present study, the fragments
are embedded [MnO6] clusters. In LaMnO3, La0.75Ca0.25MnO3 and CaMnO3, the
cluster charges are chosen according to the ionic model. We describe in somewhat
more detail the algorithm used to construct the inactive and active orbital sets of the
[Mn2O11] clusters. The inactive and active orbital sets of the [Mn4O20] clusters are
built analogously, applying the algorithm multiple times.
We start with performing CASSCF calculations for the [MnO6] fragments. The
occupied orbitals of the fragments are classified in inactive orbitals, which are doubly
occupied in all Slater determinants (SD) in the CAS wave function expansion and
active orbitals, which are not doubly occupied in all SD. In our case, the set of active
orbitals for the fragments calculations consists of the Mn-3d -like orbitals. Considering
the [Mn2O11] and [Mn4O20] super-clusters consisting of two and four overlapping
[MnO6] fragments respectively, we denote the fragments sets of doubly occupied or
inactive orbitals as follows,
Fragment I, ϕI1, ϕI2, ..., ϕIn
Fragment J, ϕJ1, ϕJ2, ..., ϕJn′
Fragment K, ϕK1, ϕK2, ..., ϕKn′′
Fragment L, ϕL1, ϕL2, ..., ϕLn′′′
Here, the [MnO6] fragments, denoted by I, J, K, L, have equal number of dou-
bly occupied orbitals (n=n’=n”=n”’). Each pair of overlapping fragments in either
[Mn2O11] or [Mn4O20] shares one O2− ion. If the inactive orbital sets of two fragments
are combined to form the inactive orbital set of the super-cluster, this will result into
double counting of the electrons of the shared O2− ion. In our case for each pair of
[MnO6] fragments, ten electrons, occupying five orbitals, localized at the shared O2−
ion, are double counted. In order to determine which five doubly occupied orbitals
should be eliminated, we perform a corresponding orbital transformation [68] of the
doubly occupied orbital sets of the two [MnO6] fragments, for example fragments I
and J. This involves a separate unitary transformation for each of the two original
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sets ϕIn and ϕJn, resulting into two new orbital sets which are bi-orthogonal (for the
explicit form of the unitary transformation matrices, see Chapter 3 ):
〈ϕ′Ii|ϕ′Jj〉 = S′IjJjδij
These unitary transformations leave the fragment wave functions unchanged. Each of
the orbitals in one of the new sets has a non-zero overlap with only one orbital from
the other new set, its ”corresponding” orbital. By choice, all non-zero overlaps are
positive. For [Mn2O11] clusters, built for example from fragments I and J, five of the
transformed orbitals of one fragment have an overlap close to unity with an orbital of
the other fragment. These five orbitals are associated with the O 1s, O 2s and O 2p
shells. Each of the remaining doubly occupied orbitals of one fragment has a small
overlap integral with its corresponding orbital of the other fragment. The orbitals
with large mutual overlap are the doubly occupied orbitals localized at the shared
O2− ion (s). We form ten normalized linear combinations of these ten transformed










J5. Five of these
linear combinations are disregarded, namely,
1√
2(1− S′IaJa)
(ϕ′Ia − ϕ′Ja), a = 1, .., 5





Ja), a = 1, ..., 5
are used as doubly occupied orbitals for [Mn2O11]. All other transformed fragment
”inactive” orbitals are also used as doubly occupied orbitals for the super-cluster.
For a discussion of this particular choice, see Chapter 5. The active orbital sets of
the fragments have very little contribution from the shared oxygen ion. The active
orbital sets of the super-cluster are constructed by super-posing the active orbitals
of the fragments, and Gramm-Schmidt orthogonalizing them to the doubly occupied
orbitals and to each other. Since the CASCI wave functions for the super-clusters
are expressed in terms of only the occupied (inactive and active) orbitals, there is no
need to generate virtual orbitals for the super-clusters from fragment calculations.
Next, the localized wave functions ΦXx of the super-clusters and their energies Ex
(HCIJ(KL)ab(cd) ) are determined by CASCI calculations in terms of the combined trans-
formed orbital basis. This calculation yields the best wave functions that can be
obtained by distributing the electrons that are not in the doubly occupied inactive
orbitals in all possible ways over the active orbitals. The CASCI wave functions ob-
tained in this manner usually have the added hole or added electron localized either
around one or another Mn ion, i.e. the hole or electron does not delocalize.
Note also that each localized CASCI wave function of a super-cluster is expressed
in its own orbital basis. Let us illustrate this statement with an example for a
super-cluster [O5MnIOMnJO5]15− representing hole doped LaMnO3. For a state
with the hole localized around MnJ , the CASCI wave function is expressed in terms
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of [MnIO6]9−-derived orbitals combined with [MnJO6]8−-derived orbitals, whereas a
state with the hole localized around MnI is described with [MnIO6]8−-derived orbitals
combined with [MnJO6]9− orbitals. The resulting localized CASCI wave functions of
[O5MnIOMnJO5]15− are mutually non–orthogonal. Furthermore, if we consider the
CASCI wave function for [O5MnIOMnJO5]15− with a hole localized around MnJ ,
there are two choices for the embedding of the ’undoped’ [MnIO6]9− fragment. The
first is to neglect the presence of the hole at MnJ ; the second is to include in the
embedding for [MnIO6]9− the presence of the hole at MnJ by increasing the effective
charge at this embedding ion by one. In section 4.5, we study both choices and discuss
the differences.
Finally, we compute the Hamiltonian matrix elements and overlap integrals be-
tween the localized wave functions and use them to determine the DE parameters t.
As mentioned in Chapter 3, the computation of the off-diagonal elements HCIJab and
overlap integrals SCIJab is not a trivial task because the localized CASCI wave functions
ΦIa and Φ
J
b are expressed in mutually non-orthogonal orbital sets. The calculation of
these matrix elements is performed with the RASSI approach discussed in Chapter 2
( [71,81]).
4.4 Material model and computational information
The three manganites crystalize in a perovskite crystal structure [25–27] in which each
Mn ion is surrounded by six oxygen ions. The MnO6 octahedra are tilted with respect
to each other and the Mn-O-Mn angles vary in the range 155-160◦. The crystal space
group is Pbnm and the unit cell contains two different types of oxygen ions O(1) in
the ac and bc planes and O(2) in the ab planes (see Figure 4.1).
In LaMnO3, the Mn-O bond lengths within the ab planes and along the c axes differ
considerably and can be regarded as long (2.18 A˚), short (1.91 A˚) and intermediate
(1.97 A˚), respectively. The ionic anzsatz leads to charges of +3 for Mn, -2 for O
and +3 for La. The electronic configurations are Mn3+ (....3d4), O2−(....2p6) and
La3+(....5p6). The ground state of Mn3+ in nearly Oh site symmetry arises from the
weak field electron configuration t32ge
1
g and in terms of the irreducible representations
of the Oh point symmetry group is a high spin coupled 5Eg state. The degeneracy
of the ground state favours a Jahn-Teller distortion of the MnO6 octahedra. The
distorted MnO6 octahedra have alternating short and long Mn-O bonds in the ab
plane. The occupied eg-like orbitals are along the long Mn-O bonds that alternate
between neighbouring Mn3+ ions [36,37,80].
The crystal structure of La0.75Ca0.25MnO3 has been refined at 100 K [27]. In
this temperature region, low below the Curie temperature (Tc) of the compound
(∼ 220-250 K), the ground state is ferromagnetic and metalic [27–29, 36, 39]. The
system can be viewed as a doped antiferromagnet with a hole concentration of 25 %,
in which according to conventional studies [27, 28, 36, 61] the double exchange plays
an important role. The bond lengths are more homogenous compared to those in
LaMnO3, but one can still distinguish alternating long (1.974 A˚) and short (1.957 A˚)
Mn-O bond lengths in the ab plane and an intermediate (1.968 A˚) one along the c
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axes. An ionic model may lead to distinct Mn sites with charges +4 and +3, O with
-2 and La and Ca with +3 and +2, respectively. Often, La1−xCaxMnO3 systems have
been considered within an ionic model. However, the eg electrons are assumed to be
delocalized over the Mn sites in the metalic ferromagnetic phase. Studies based on
X-ray absorption near edge structure spectroscopy at the Mn K edge [33] have shown
that the description of the valence state of the Mn atoms in terms of intermediate
valence between 3+ and 4+ is more appropriate than the ionic model. Therefore,
the ionic model of the crystal can only be a starting point. Within our method, we
consider the hopping of a eg -like electron between Mn sites and the magnitude of the
effective hopping matrix elements, associated with this hopping, reflects indirectly the
delocalization of the hole. We computed these matrix elements in a simplified model
that considers the hopping of a single eg -like electron between two Mn sites. In terms
of the irreducible representations of Oh the three electrons of an Mn4+ ion occupy
the three 3d (t2g)-like orbitals and are coupled to a 4Ag state. The formal weak-field
electronic configuration of Mn3+ is t32ge
1
g coupled to
5Eg. The states with an electron
in either one of the Mn 3d (eg-like) orbitals are close in energy due to the absence of
large JT distortions. In Oh symmetry they are the two components of a 5Eg state.
X-ray diffraction experiments do not detect any long-range order of La and Ca
cations at the A-site (A1−xA′xMnO3) in La0.75Ca0.25MnO3 [27, 28] and assume fully
randomly mixed La/Ca at A. A long range order in the La/Ca lattice would result
in a large unit cell and/or breaking of the Pbnm symmetry [28]. These observations
lead to a randomness in the positions of the nearest neighbouring Ca ions around the
model [Mn2O11] clusters.
Taking into consideration the presence of either one of the two different cations
La/Ca at each site A (A1−xA′xMnO3), we investigate for chosen distributions of the
nearest neighbouring cations La/Ca around the [Mn2O11] clusters the effect on the
magnitude of the effective hopping matrix elements. The latter is directly coupled
to the orientation of the occupied eg-like orbitals in the lowest in energy states at
next-neighbouring Mn sites.
Unlike in LaMnO3 and La0.75Ca0.25MnO3 the bond lengths in CaMnO3 are al-
most equal (1.900±0.005 A˚). The ionic anzsatz leads to charges of +4 for Mn, -2
for O and +2 for Ca, with electronic configurations Mn4+ (....3d3), O2−(....2p6) and
Ca2+(....3p6). The corresponding ground state of Mn4+ in nearly Oh site symmetry
is 4Ag, resulting from the high spin coupling of the three electrons that occupy the
3d (t2g) sub-shell of the open Mn (3d) shell.
As explained in section 4.1.2, we expect a spatial anisotropy of the DE parameters
in LaMnO3. In CaMnO3, the states with an extra electron in either one of the Mn
3d (eg-like) orbitals are quite close in energy, because of the almost octahedral Mn
site symmetry. Moreover, the magnetic coupling is antiferromagnetic in all directions.
Therefore, for CaMnO3, the DE parameters are expected to be similar in all spatial
directions. In order to investigate the spatial anisotropy of the DE parameters, we
designed various super-clusters, both in the ab crystal plane and perpendicular to
it. To distinguish the two alternatives, the super-clusters are indexed by an ab or c
subscript. La0.75Ca0.25MnO3 is metalic [27, 29, 36, 39] and hence, t is anticipated to
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have a larger magnitude.
The nearest La, Ca and Mn ions around the fragments and around the super-
clusters are represented by effective one-electron potentials, or Total Ion Potentials
(TIPs). In the present case, we use the effective core potentials by Hay and Wadt [60]
as TIPs. The long-range interactions are described by an array of point charges at
lattice positions, optimized to reproduce the Madelung potential of the rest of the
crystal within the fragment or the super-cluster region.
The orbitals are expanded in atomic natural orbitals (ANO) type basis functions
[34, 35]. A primitive set of [21s, 15p, 10d, 6f] Gaussians is contracted to (5d, 4p,
3d, 1f) for Mn and for O a [14s, 9p] set is contracted to (4s, 3p) Gaussian type
of basis functions. All calculations are performed with MOLCAS-5.4 [81] and our
TRANSFORM program, which is integrated in MOLCAS-5.4. The HamiltonianHCIJab
and overlap SCIJab matrix elements are computed using the State Interaction module
in MOLCAS [79]. Mulliken population analysis (MPA) of the natural orbitals and
MPA are carried out in order to determine the character of the singly occupied Mn
3d (eg)-like orbital. In addition, some difference spin density plots are produced to
illustrate the character of the singly occupied Mn 3d (eg)-like orbital.
4.5 Results and Discussion
4.5.1 LaMnO3
We consider the hopping of a single hole in LaMnO3. We start with constructing
the wave functions ΦXx (Xx ∈ Ia, Jb) of the super-clusters [Mn2O11] as CAS CI wave
functions (see section 4.2.2). As noted above, the ΦXx for super-clusters [Mn4O20] are
obtained in the same way.
CASSCF calculations are carried out for the ’undoped’ [MnO6]9− and ’hole doped’
[MnO6]8− fragments with an active space containing four electrons in five 3d-like
orbitals and three electrons in three 3d (t2g)-like orbitals, respectively. The orbitals
of the ’undoped’ [MnO6]9− fragment are optimized for the ground state of the pure
LaMnO3. As explained in section 4.2.2, we perform the CASSCF calculation for this
ground state using two different embeddings: without or with an increased positive
charge at one of the neighbouring Mn sites. We discuss this issue in more detail below.
In orthorhombic LaMnO3, the ground state of the structure is viewed as derived
from one of the components of the 5Eg-like state. The other component is found at 1.2
eV higher energy (see Chapter 6 ). Considering the z axes directed along the long Mn-
O bond, the occupied 3d (eg)-like orbital of the ground state of the [MnO6]9− fragment
has predominantly 3dz2 character and according to MPA consists of 94% Mn- 3d. The
occupied 3d (eg)-like orbital of the higher 5Eg-like state has predominantly 3dx2−y2
character. The orbitals of the ’hole doped’ [MnO6]8− fragment are optimized for
the 4Ag -derived ground state of the fragment arising from the Mn 3d3 electron
configuration. For the [MnO6]8− fragment, we have only three active electrons in
three 3d (t2g) -like orbitals. In all cases the singly occupied t2g-like orbitals consist
of 96-98% Mn- 3d.
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Table 4.1: Overlap integrals between transformed doubly occupied orbitals of two overlapping
fragments, representing LaMnO3. Ground states wave functions. Values below 0.03 are not
listed.
A 1.0000 0.9990 0.9945 0.9940 0.9755 0.0431 0.0334
B 1.0000 0.9988 0.9923 0.9908 0.9524 0.0393 0.0305
C 1.0000 0.9991 0.9927 0.9918 0.9624 0.0409 0.0322
A. [Mn(1)O6]
9− fragment overlapping with [Mn(2)O6]9−
B. [Mn(1)O6]
8− fragment overlapping with [Mn(2)O6]9− (nearby hole not included).
C. [Mn(1)O6]
8− fragment overlapping with [Mn(2)O6]9− (nearby hole accounted for).
The super-clusters [Mn2O11] are built from overlapping [MnO6] fragments accord-
ing to the method of the overlapping fragments, outlined in sections 4.2.2 and 3.3.
The occupied orbital basis of the super-cluster is formed from the occupied CASSCF
orbitals of the fragments after elimination of the double-counted doubly occupied or-
bitals associated with the common oxygen ion. The orbitals to be disregarded are
determined by a corresponding orbital transformation [68] of the inactive orbitals of
the two fragments. As an illustration for the case of LaMnO3, the overlap integrals
between the transformed inactive orbitals of a pair of overlapping [MnO6]9− fragments
in their ground state are listed in Table 4.1.
We also show the overlap integrals between the transformed inactive orbitals of a
[MnO6]9− fragment overlapping with [MnO6]8−. Five orbitals at each fragment have
an overlap integral of 0.95 or larger with their ”corresponding” orbital at the other
fragment. These five orbitals are the double counted orbitals, localized at the common
oxygen ion. Five (normalized) plus linear combinations, one for each of the five pairs
are constructed and employed as doubly occupied orbitals for the super-cluster. The
remaining transformed inactive orbitals that have overlap integrals below 0.05 with
their ”corresponding” orbital at the other fragment are also used as inactive orbitals
for the super-cluster.
Within the ab planes and perpendicular to them, there are two different Mn-O-
Mn units with slightly different geometries. We designed different [Mn2O11]15− and
[Mn4O20]27− clusters in order to compute the different parameters t. The overall
charges of the clusters correspond to the formal charge of a system with a hole. We
choose to describe in detail the results for two [Mn2O11]15− clusters, one within the
ab plane and the other perpendicular to the ab plane. The results for these clusters
are representative for all [Mn2O11]15−ab and [Mn2O11]
15−
c clusters. They are listed in
Tables 4.2 and 4.4.
The clusters chosen to illustrate the analyses contain Mn ions 1 and 2, both in the
ab planes, (Figure 4.1 (a)) for [Mn2O11]ab and Mn ions 2 and 4 for [Mn2O11]c (Figure
4.2 (a)). Let us start with [Mn2O11]ab. This cluster contains two different Mn-O
bond lengths of 2.18 A˚ and 1.91 A˚. The Mn-O-Mn angle with the bridging oxygen
is 155.1◦. The super-cluster energies (Table 4.2) and the corresponding CASCI wave
functions are obtained within an active space of eight Mn-3d-like orbitals: five derived
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Figure 4.1: Representation of the [Mn4O20] super-clusters in the ab plane for a) LaMnO3
and b) CaMnO3. Eight oxygen ions above and below the ab plane are not shown for clarity.
They are present in the clusters.
Figure 4.2: Representation of the [Mn4O20] super-clusters in a perpendicular to the ab
plane for a) LaMnO3 and b) CaMnO3. Eight oxygen ions above and below the ab plane are
not shown for clarity. They are present in the clusters.
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Table 4.2: DE parameters tab, overlap integrals S12 and Hamilton matrix elements H12
between two localized CASCI wave functions in a [Mn2O11]
15−
ab super-cluster representing
hole doped LaMnO3. 7 electrons in 5+3 active orbitals; Last row: tab obtained with 5+5
active orbitals.
a) The effect of the nearby hole on the orbitals of the ’undoped’ [MnO6]9− fragment is not
included.
2S+1 8 6 4 2
−tab (meV) 213 160 106 53
S12 0.392.10−3 0.293.10−3 0.190.10−3 0.095.10−3
-H12 (hartree) 1.283911 0.960215 0.621238 0.310576
H22, H11 (meV)a 0; 37 -1; 37 -3; 37 -4; 38
−tab (meV) 5d+5d 213 160 107 53
a These CASCI energies have been shifted upwards by 3292.321008 hartree
b) The hole at one embedding Mn ion of the [MnO6]9− fragment in a ground state configuration
is represented by increasing the effective charge at that ion by one.
2S+1 8 6 4 2
−tab (meV) 263 197 132 66
S12 4.307.10−3 3.232.10−3 2.154.10−3 1.077.10−3
-H12 (hartree) 14.188303 10.647287 7.095911 3.547820
H22, H11 (meV)a 0; 105 -1; 104 -2; 106 -3; 106
a These CASCI energies have been shifted upwards by 3292.325211 hartree
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from the [MnO6]9− fragment and three from the [MnO6]8− fragment. We denote this
active space as 5d+3d. The CASCI wave function for each localized state of [Mn2O11]
is expressed in its own dedicated orbital basis. The 5d+3d active space prevents a
charge transfer from the 3d (eg) -like orbitals around one Mn ions to those around
the other. We compare the results obtained within the 5d+3d active space with those
obtained within 5d+5d active space (last row of Table 4.2 (a)), i.e. an active space
of five 3d-like active orbitals around each Mn ion, where the charge transfer can take
place. The two choices for the embedding of the [MnO6]9− fragments, discussed in
section 4.2.2, are investigated and the results are compared in Tables 4.2 (a) and (b).
In the first case, we neglect the presence of the nearby hole (Table 4.2 (a)). Secondly,
we account for the presence of the hole at the Mn ion in [MnO6]8− when designing the
embedding for the [MnO6]9− fragment. We do so by increasing the effective charge of
that embedding Mn ion of [MnO6]9−, which corresponds to the Mn ion in [MnO6]8−,
by one (Table 4.2 (b)).
We investigated all possible spin couplings of the seven active electrons of [Mn2O11]15−
but found for the lowest state of each spin, as expected, high spin coupling at the
individual Mn ions. The different total spin values, S, arise from different couplings
between the Mn ions. The first column of Table 4.2 shows results for the maximum
coupling of the two local spins, S1=2 and S2= 32 , to S=
7
2 . The next columns are for
lower S values. In the first row of Table 4.2 (a) and (b), we list the results for tab as
a function of different S values. The values of the DE parameters are obtained from
Eq. (4.5). Since the two localized CASCI wave functions are each expressed in their
own orbital set, they are non-orthogonal. In the second row are listed the overlap
integrals S12 between the two CASCI wave functions, ΦMn1a and Φ
Mn2
b , localized at
Mn1 and Mn2, respectively. The third row shows their Hamiltonian matrix elements
H12. We found indeed a proportionality of tab to the total spin multiplicity 2S+1, in
perfect agreement with the simplified model of Anderson and Hasegawa [23] (see Eq.
(4.2)). The overlap integrals S12 are small for all spin values but significant for the
computation of tab. Note, that H12 and S12 are also roughly proportional to 2S+1.
This proportionality holds for all [Mn2O11]15−ab clusters, considered. As we will see
later it also holds for all [Mn2O11]15−c clusters. In row 4 in Table 4.2 (a) and (b) are
shown the relative energies (H11 and H22) of the localized states with a hole around
either one of the ions, Mn1 and Mn2. Their energy difference is caused by the slightly
different crystal (and cluster) environment of Mn1 and Mn2. In larger clusters, where
the two Mn1 and Mn2 ions have equivalent environments, this energy difference is not
present. We discuss this issue in more detail in the first part of Chapter 5.
The CASCI energies of the localized states (i.e., H11 and H22) are also quite
similar with only small variations of few meV when the total spin is varied from
S=72 to S=
1
2 . Although the signs of the exchange couplings are incorrect and their
magnitude is systematically underestimated at this level of approximation, we do not
anticipate the magnitude of the exchange interaction between neighbouring Mn3+
and Mn4+ ions in the ab planes to become comparable to that of the DE interactions
between them if the level of approximation is improved. We address this question
below. Finally, we list in the last row in Table 4.2 the values of t, obtained with 5
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active 3d-like orbitals not only for the [MnO6]9− fragment, but also for the [MnO6]8−
fragment. The results obtained within 5d+5d active space differ insignificantly from
those obtained in 5d+3d. Although in the 5d+5d case, charge transfer processes from
Mn 3d4 to Mn 3d3 are allowed by providing empty eg-like orbitals at the Mn4+ site,
the results remain the same.
Comparing the results in Table 4.2 (a) and (b) reveals that indeed the effect on
the values of S12, H12 and tab, of accounting for the presence of a neighbouring hole in
the calculation for the [MnO6]9− fragments is substantial. One observes significantly
larger values of S12, H12 and t when the fragment [MnO6]9− embedding contains
information regarding the presence of a hole at the neighbouring Mn4+ ion in the
[Mn2O11]15−ab super-cluster. This is because the eg-like orbital is more delocalized
which enhances the DE interaction. The results in Table 4.2 (b) indicate that t
is underestimated with 19 % if the presence of the hole is not accounted for. As
stated in Chapter 1, the hopping integral t is influenced by relaxation effects. Let
us create holes, associated with particular orbitals, φ1 and φ2, localized at sites Mn1
and Mn2, respectively within the frozen orbital (FO) approximation. Then let us
compute within the FO approximation the Hamiltonian and overlap matrix element
between the corresponding localized many-body wave functions Φ1 and Φ2 of the
cluster system with a hole either in φ1 or φ2. If all other cluster orbitals except those
involved in the interaction, φ1 and φ2, are allowed to relax in response to the created
hole, the overlap integral 〈Φrelax1 |Φrelax2 〉 becomes smaller since the orbital polarization
effects have opposite direction in Φrelax1 and Φ
relax
2 . This also leads to a decrease in
〈Φrelax1 |H|Φrelax2 〉 and t (see, for example, [89]). If all cluster orbitals are allowed
to relax including the orbitals with the holes, φ1 and φ2, the latter are allowed to
delocalize. This compensates the reduction due to relaxation of the other orbitals and
may even lead to an increase in the magnitudes of 〈Φrelax1 |Φrelax2 〉, 〈Φrelax1 |H|Φrelax2 〉
and t [90].
The CASCI states of the super-cluster of Table 4.2 (b) have still the extra elec-
tron localized around the longest bond of either one of the two Mn ions but their
energy differs now by about 105 meV compared to 37 meV, when the presence of the
neighbouring hole is neglected. The larger energy difference arises from the different
orientation of the occupied Mn 3d (eg)-like orbital at either one of the two Mn ions
with respect to the neighbouring hole and hence, depending on its orientation differ-
ent relaxation effects on the Mn 3d (eg)-like orbital occur. Taking into consideration
that the Mn ions have ferromagnetic spin coupling in the ab planes, the DE param-
eter, relevant for the physics of LaMnO3, is the one for maximum spin coupling S,
t( 72 )ab=-263 meV. This is the bold number in Table 4.2 (b).
In Table 4.3, we show the same quantities as in Table 4.2, but now obtained with
the more traditional approach, i.e. from CASSCF wave functions of the [Mn2O11]ab15−
super-cluster. Starting with the CASCI orbitals within the 5d+3d active space we
were able to obtain converged CASSCF wave functions in which the occupied Mn
3d (eg)-like orbital is still localized around each of the two Mn ions. However, the
near-degeneracy of the two localized states is lost, because the super-cluster environ-
ment is quite different for the Mn 3d (eg) electrons, localized either at Mn2 or Mn1,
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Table 4.3: DE parameters tab, overlap integrals S12 and Hamilton matrix elements H12, ob-
tained from the interaction between two localized CASSCF wave functions in a [Mn2O11]
15−
ab
super-cluster representing hole doped LaMnO3. Single root CASSCF, 7 active electrons in
5+3 active orbitals.
2S+1 8 6 4 2
−tab (meV) 294 220 148 75
S12 73.096.10−3 52.928.10−3 33.483.10−3 16.241.10−3
-H12 (hartree) 240.671373 174.268121 110.243453 53.475248
H22, H11 (meV)a 0; 319 4; 320 6; 321 7; 321
a These CASSCF energies have been shifted upwards by 3292.394046 hartree
respectively. This cluster artifact is emphasized more in this case compared to the
CAS CI calculation, because the relevant Mn 3d (eg)-like orbitals are optimized for
the super-cluster [Mn2O11]15−ab and reflect the incorrect electron distributions around
the Mn ions due to their different environment in the super-cluster. The two localized
states differ by ≈ 0.3 eV. Furthermore, the relaxation process leads to an increase in
S12 and H12 and an overestimation of the DE interaction by 12 %.
By using the CASCI orbitals within the 5d+5d active space as starting orbitals,
we were unable to obtain converged CASSCF wave functions. The reason is that the
correlating Mn 3d’ t′2g-like orbitals for the singly occupied Mn 3d (t2g)-like orbitals
at the Mn4+ ion replace in the active space the Mn 3d (eg) -like orbitals at this ion.
Next, we discuss the magnitude of the magnetic exchange parameter J between
the Mn3+ and Mn4+ ions in connection with the magnitude of the DE parameter be-
tween these ions. Numerous studies of the magnetic exchange parameter J in various
crystal structures (cuprates, vanadates, ets.) [6, 8, 9, 13] have shown that a quanti-
tative estimate of the parameters can be extracted within the difference dedicated
CI (DDCI) [83, 84] or the iterative DDCI [85] approaches as well as within second
order perturbation theory based on complete active space expansion of the zero-order
wave function (CASPT2) [72]. A recent study on the performance of the different ap-
proaches [63], has classified the DDCI and CASPT2 methods based on an extended
reference wave functions as the most appropriate computational methods to obtain
magnetic coupling constants in ionic TM insulators with average errors of less than
10 % [63]. Although the CASPT2 values of J with a reference wave function, that
includes only the magnetic orbitals, so called minimal active space, are about 20 %
smaller than the DDCI and experimental results [63], they still provide a rough es-
timate of J. We will extract the values of the nearest neighbour J by mapping the
CASPT2 energies onto the eigenvalues of the Heisenberg Hamiltonian (Eq. 4.8). The
values of J obtained from the energy differences between each of the states with lower
total spin S’ and the state with maximum total spin S,
E(S)− E(S′) = −J
2
(S(S + 1)− S′(S′ + 1)) (4.8)
show a maximum deviation from the average value of J of ≈ 0.1 meV. Although the
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system does not behave as a strict Heisenberg system, the estimates of J are rather
similar. Taking into account, that the CASPT2 average value of J between the Mn3+
and Mn4+ ions, obtained within a minimal 5d+3d active space is only 1.2 meV, we
conclude that the DE parameter t in the ab planes is an order of magnitude larger
than the exchange coupling J.
The hole-delocalization energy is proportional, at least for small doping, to the
hole concentration. The hopping interaction in the ab planes is large enough to lead
to an appreciable ”band” stabilization energy of about 1.1 eV per hole (see part 2
of Chapter 5 ), due to delocalization in this plane. Since the energy scales of DE
parameters and JT distortions are comparable, there will be present a competition
between JT stabilization and hole-delocalization energy. This issue will be addressed
again in part 2 of Chapter 5.
We recalculated the quantities in Table 4.2 for an idealized structure within 5d+3d
active space, where the Jahn-Teller distortion has been ”undone” but the tilting of
the octahedra is still present. The analyses have shown that similar dependencies as
shown in Table 4.2 are present also for the undistorted LaMnO3. The relevant DE
interaction in the ab plane is indeed much stronger, twice as large: t( 72 )ab (idealized)
=-0.57eV. This result points out that indeed the JT distortion is unfavorable for DE.
If we consider in detail the mutual relative orientation of the occupied Mn 3d-like
orbitals localized at either one of the Mn ions and relevant to the DE interaction, we
observe that they are ordered within the ab planes, however they are rotated with
respect to their orientation in the distorted structure. The rotation causes a larger
overlap and a twice as large value of t. The relative orientations of the occupied
Mn 3d-like orbitals localized at either one of the Mn ions in both JT distorted and
undistorted LaMnO3 is illustrated in Figure 4.3. Since the hopping interaction in the
ab planes is larger, the band stabilization energy, due to the hole delocalization in
this plane, is also larger: 2.3 eV per hole.
In Table 4.4, we list the same quantities as in Table 4.2, but now for the model
[Mn2O11]c15− cluster. We found very similar behavior of t, H12 and S12 as functions
of the total spin S. As expected, S12 and H12 increase when the [MnO6]9− fragment
orbitals are obtained, accounting for the presence of a hole in the neighbourhood
(Table 4.4 (b)). The exchange coupling between the Mn ions along the c axis is
antiferromagnetic and hence the relevant parameter is t( 12 )c. This is the bold number
in Table 4.5. The value of t( 12 )c is -59 meV and the delocalization of a hole along
c adds only 0.1 eV to the 1.1 eV band stabilization energy for a hole delocalization
in the ab planes. We notice, that the relative energies H11 and H22 of the localized
states with a hole around either one of the ions Mn2 and Mn4 (see Figure 4.1) are the
same, as expected. In this cluster, the Mn2 and Mn4 ions have the same environment
and we do not observe cluster artifacts. Since the occupied Mn 3d (eg)-like orbital
is oriented in the same manner at either one of the two Mn ions with respect to the
neighbouring hole, the CAS CI states of the cluster with the extra electron localized
around the longest bond of either one of the two Mn ions remain degenerate.
In order to investigate whether or not the DE interactions depend significantly on
the cluster size, we compared the t values obtained from the super-clusters [Mn2O11]15−
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Figure 4.3: Mutual orientation of the occupied eg- like orbitals at sites Mn1 and Mn2 in the
[Mn2O11] super-cluster, representing hole doped JT distorted and undistorted but yet tilted
LaMnO3.
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Table 4.4: DE parameters tc, overlap integrals S12 and Hamilton matrix elements H12
between two localized CASCI wave functions in a [Mn2O11]
15−
c super-cluster representing
hole doped LaMnO3. 7 electrons in 5+3 active orbitals; Lowest row: t
CASSCF
c obtained in a
single root CASSCF calculation.
a) The effect of the nearby hole on the orbitals of the ’undoped’ [MnO6]9− fragment is not
included;
2S+1 8 6 4 2
−tc (meV) 171 129 86 43
S12 0.132.10−3 0.097.10−3 0.064.10−3 0.032.10−3
-H12 (hartree) 0.427311 0.313216 0.206390 0.102528
H22, H11 (meV)a 0; 0 -2; -2 -3.5; -3.5 -4.4; -4.4
−tCASSCFc (meV) 259 195 130 68
a These CASCI energies have been shifted upwards by 3292.910723 hartree
b) The hole at one embedding Mn ion of the ’undoped’ [MnO6]9− fragment is represented by
increasing the effective charge at that ion by one;
2S+1 8 6 4 2
−tc (meV) 237 178 119 59
S12 2.862.10−3 2.150.10−3 1.436.10−3 0.718.10−3
-H12 (hartree) 9.433617 7.085123 4.734186 2.369066
H22, H11 (meV)a 0; 0 -1; -1 -3; -3 -4; -4
a These CASCI energies have been shifted upwards by 3292.913226 hartree
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Table 4.5: DE parameters, for [Mn4O20]
27− clusters representing hole doped LaMnO3 in
the ab plane and perpendicular to the ab plane. In Figures 4.1 and 4.2 is illustrated the atom
labeling. Maximum spin multiplicity (2S+1=16) of 15 active electrons in 5+5+5+3 active
orbitals.
a) The effect of the nearby hole on the orbitals of the ’undoped’ [MnO6]9− fragment is not included.
1.
[Mn4O20]ab27−
ion pairs 1 2, 3’ 4’ 1 3’, 2 4’ 1 4’ 2 3’
-t 7
2
(meV) 200 213 2 16
2.
[Mn4O20]c27−
ion pairs 1 2, 3 4 1 3 2 4 1 4 2 3
-t 7
2
(meV) 222 158 186 5 4
b) The hole at one embedding Mn ion of the ’undoped’ [MnO6]9− fragment is represented by
increasing the effective charge at that ion by one;
1.
[Mn4O20]ab27−
ion pairs 1 2, 3’ 4’ 1 3’, 2 4’ 1 4’ 2 3’
-t 7
2
(meV) 245 258 5 18
2.
[Mn4O20]c27−
ion pairs 1 2, 3 4 1 3 2 4 1 4 2 3
-t 7
2
(meV) 267 214 252 2 2
with those obtained employing larger [Mn4O20]27− super-clusters. Moreover, these
four-center clusters provide also the values of t for the other Mn-O-Mn units in the ab
plane and along the c axes, respectively. These two other [Mn2O11]15− super-clusters
were not discussed, because as we noted already, we did not anticipate any significant
differences for the DE parameters, that would be calculated for these clusters.
In Table 4.5 (a) and (b), we show the results for a [Mn4O20]27−ab cluster, rep-
resenting part of the ab plane (see Figure 4.1 (a)) and for a [Mn4O20]c27− cluster
perpendicular to this plane (see Figure 4.2 (a)). To simplify the computation, we first
used [MnO6]9− fragment orbitals constructed without accounting for the nearby hole,
just as in Table 4.2 (a). These results are reported in Table 4.5 (a).
The calculated magnitudes of the DE parameters illustrate the minor cluster de-
pendence of the DE parameters: for example, t( 72 )ab between Mn ions 1 and 2 (see
Figure 4.1 (a)) and Figure 4.2 (a)) obtained from the different clusters varies be-
tween -200 meV to -222 meV. In analogy with the [Mn2O11]15− super-clusters, we
studied the effect of accounting for the presence of the nearby hole in the [MnO6]9−
fragment calculations on the DE interaction. As expected, the magnitude of the DE
interactions is underestimated when the presence of the nearby hole is neglected, for
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example, the values of the DE parameters t( 72 )ab between Mn ions 1 and 2 (see Fig-
ure 4.1 (a) and Figure 4.2 (a)) are underestimated by about 17-18 % (Table 4.5 (a))
compared to the values obtained in the presence of the nearby hole: -245 meV and
-267 meV (bold numbers in Table 4.5 (b)). Comparing the results for the other DE
parameters in Tables 4.5 (a) and 4.5 (b) reveals similar or even larger underestima-
tions of t. Furthermore, comparing the results in Table 4.5 (b) with the relevant
results for the [Mn2O11]15− clusters in Tables 4.2 (b) and 4.4 (b) demonstrates again
the very little cluster dependence of t. The other nearest-neighbour DE interaction
in the ab plane (between Mn ions 1 and 3’) is indeed similar to that between Mn
ions 1 and 2 (see above): -258 meV in [Mn4O20]27−ab cluster. We recall, that the DE
interaction between Mn ions 1 and 2 in the [Mn2O11]15−ab cluster is -263 meV. The
next nearest-neighbour DE interactions in the ab plane between ions 1 and 4’ and
ions 2 and 3’ are an order of magnitude weaker than the nearest-neighbour interac-
tions. The two symmetry-unique nearest neighbour interactions along c, t( 72 )c in the
[Mn4O20]27−c super-cluster between Mn ions 1 and 3 and ions 2 and 4 are -214 and
-252 meV, respectively (see Table 4.5 (b)). The exchange coupling between Mn ions
along the c axis is antiferromagnetic, so the relevant parameter is t( 12 )c. Owing to
computational limitations, we could only consider the states with high spin coupling
between the four Mn ions. However, assuming 2S+1 proportionality as found in the
smaller [Mn2O11]15− super-clusters allows us to deduce the low spin parameters in
the [Mn4O20]27− clusters. We estimate for t( 12 )c: -54 meV and -63 meV, respectively.
The result for t( 12 )c between ions 2 and 4 in the [Mn2O11]c
15− cluster is -59 meV (see
Table 4.4 (b)). Finally, the next nearest neighbour interactions out of the ab plane
are negligible.
4.5.2 CaMnO3
The Mn-O bond lengths within the ab plane of CaMnO3 are similar although one
can still distinguish alternating bond lengths (1.900 A˚and 1.903 A˚). The shortest
bonds (1.895 A˚) are perpendicular to this plane. Since the nearest-neighbour ex-
change interactions are antiferromagnetic in all directions [52], the most relevant DE
parameters are those for low spin coupling, t( 12 ). Analogous to LaMnO3, we first per-
form CASSCF calculations for the ’undoped’ [MnO6]8− fragment and for the ’electron
doped’ [MnO6]9− fragment within an active space containing three electrons in three
Mn- 3d-like (t2g-like) active orbitals and four electrons in five Mn- 3d-like active or-
bitals, respectively. This active space, analogous to that for the LaMnO3, is referred
to as 5d+3d. The orbitals of the ’undoped’ fragment were optimized for the 4Ag-
derived ground state, taking into account the nearby added electron via an decreased
effective nuclear of the embedding Mn ion at hand. The t2g-like orbitals consist of 96
% of Mn 3d. An ’electron doped’ [MnO6]9− fragment has two low-lying states, corre-
sponding to the two components of 5Eg in Oh symmetry. Contrary to LaMnO3, these
two components are near-degenerate, the energy splitting between them is only 0.05
eV. The [MnO6]9− fragment orbitals are optimized for the lower of the two states. In
this state, the occupied eg-like orbital has predominantly Mn 3dz2 character, with the
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z axes along the longest bond 1.903 A˚. It consists of 92 % Mn 3d. This orbital con-
figuration is the same as in LaMnO3. In the second 5Eg -derived state, the occupied
eg-like orbital is predominantly Mn 3dx2−y2 . In the ’undoped’ [MnO6]8− fragments,
the presence of the nearby extra electron is represented by decreasing the effective
nuclear charge at the relevant embedding Mn ion by one.
Again like in LaMnO3, one can distinguish within the ab plane and perpendicular
to it two different Mn-O-Mn units with slightly different geometries. We choose to
analyze in detail only one of the model [Mn2O11]15− super-clusters, the one within
the ab plane. As in the case of LaMnO3, the results for this cluster are representative
for all [Mn2O11]15−ab and [Mn2O11]
15−
c clusters. Like in LaMnO3 two [Mn4O20]
25−
super-clusters, one within the ab plane, and the other perpendicular to this plane
were selected. The [Mn4O20]25− super-clusters are illustrated in Figures 4.1 (b) and
4.2 (b).
The results for the [Mn2O11]15−ab cluster modeling the ab plane (Mn atoms 1 and
2 in Figure 4.1 (b)) are summarized in Table 4.6 (a) and (b). The Mn-O-Mn angle
is 157.2o. The two lowest CAS CI states of this super-cluster have the extra electron
localized around the longest bond of either one of the two Mn ions. Their energy dif-
fers by ≈ 50 meV (see Table 4.6 (a)) if one neglects the presence of the nearby extra
electron and increases up to about 80 meV otherwise (Table 4.6 (b)). This energy
difference arises from the slightly different environment of the two Mn ions. Because
the exchange interactions in all directions of the crystal are antiferromagnetic, the
relevant parameter is t( 12 )ab and the DE interaction between the two lowest localized
states is t( 12 )ab =-171 meV. As in LaMnO3, we find almost perfect 2S+1 proportion-
ality of t. The results obtained within 5d+5d active space differ again insignificantly
from those obtained within 5d+3d upon the condition that we provide empty eg-like
orbitals at the Mn4+ site.
Unlike in LaMnO3, there are four low-lying localized states in [Mn2O11]15−. The
lower two were already described above, and the higher two states have the extra
electron in one the other two available Mn 3d (eg)-like orbitals at each Mn site. The
two additional states are at only about 0.16 eV higher energy. We performed also
calculations with all four low-lying localized states, allowed to interact. In this case
the orbitals of the fragment with an electron were optimized for an average of the
states. The energy splittings are larger due to the interaction of the four localized
states of [Mn2O11]15−ab . This results into a larger effective value of the DE parameter
(see the one-but-last row in Table 4.6 (a)). The resulting CASCI wave functions for
the two lower states, Φ1a and Φ
2
b , having the extra electron localized around Mn1 and
Mn2, respectively, show a mixing of the nearly degenerate higher localized states,
described by Φ1a′ and Φ
2
b′ , in order to maximize the DE interaction present in the
super-cluster. This mixing occurs only in clusters where not all nearest neighbour
DE interactions are present and therefore, it is considered as a cluster artifact and
the result is not relevant for the physics of the doped CaMnO3. The orientation and
character of the occupied eg -like orbitals at Mn1 and Mn2 for the four localized low-
lying states are illustrated in Figure 4.4. To clarify the role of the two higher states,
we performed a new set of calculations based on a simple analysis.
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Table 4.6: DE parameter tab, overlap integrals S12 and Hamilton matrix elements H12 in
[Mn2O11]
15−
ab super-cluster representing electron doped CaMnO3.
a) The effect of the nearby electron on the orbitals of the ’undoped’ [MnO6]8− fragment is not
included.
2S+1 8 6 4 2
−tab (meV) 452 339 227 113
S12 2.039.10−3 1.542.10−3 1.038.10−3 0.521.10−3
-H12 (hartree) 6.757602 5.109918 3.438945 1.727428
H11, H22 (meV)a 0; 52 -2; 51 -6; 47 -7; 46
−tab (meV) 5d/5d 450 339 225 113
4E/2 (meV) 5d/3d 682 513 343 173
−tCASSCFab 939 707 474 238
CASCI: 7 electrons in 5d+3d active electrons; in line five: t obtained with 5d+5d active space; last
row: -tCASSCFab obtained from the interaction between two localized CASSCF wave function.
Single root CASSCF, 7 active electrons in 5d+3d active orbitals. 4E/2: half the energy splitting
4E obtained from a configuration interaction between all four low-lying states (see text);
a These CASCI energies have been shifted upwards by 3306.229857 hartree
b) The added electron at one embedding Mn ion of the ’undoped’ [MnO6]8− fragment is
represented by decreasing the effective charge at that ion by one;
2S+1 8 6 4 2
−tab (meV) 683 513 342 171
S12 4.490.10−3 3.389.10−3 2.274.10−3 1.141.10−3
-H12 (hartree) 14.870406 11.224388 7.532520 3.779066
H11, H22 (meV)a 0; 79 -3; 78 -7; 73 -9; 71
a These CASCI energies have been shifted upwards by 3306.239710 hartree
CASCI: 7 electrons in 5d+3d active electrons.
Figure 4.4: Illustration of the mutual orientation of the relevant occupied eg -like orbitals
at Mn1 and Mn2 for all four low-lying localized states of the [Mn2O11]
15−
ab super-cluster,
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Let us consider a simplified model of the ’electron doped’ [Mn2O11]15− super-
cluster in the ab plane, for which the tilting of the [MnO6] octahedra is effectively
”undone”. The longer bond l at one of the Mn ions (Mn2) within the ab plane
is directed along the x axis whereas at the other Mn ion (Mn1) along the y axis.
The interaction between the two lower localized CASCI states, discussed above, is of
strength t =-0.17 eV and involves the states for which the orientation of the occupied
eg-like orbitals is the following: (Mn2dx2)-(Mn1dy2). These two lower states are
described by the CASCI wave functions Φ2b and Φ
1
a. This interaction alone leads to
a stabilization energy t and an energy splitting 2t. If we account, in addition, for the
presence of the two higher localized states, that have the two complimentary eg-like
orbitals occupied, (Mn2dy2−z2)-(Mn1dx2−z2), described by Φ2b′ and Φ
1
a′ , we find that
one of those higher states, namely the one that has the (Mn1dx2−z2) -like orbital
occupied (i.e., Φ1a′) interacts with a strength of
√
3t with the lower state that has
the (Mn2dx2) -like orbital occupied (i.e., Φ2b). This higher CASCI state, Φ
1
a′ , has a
negligible interaction with the other higher CASCI state with the (Mn2dy2−z2) -like
orbital occupied (i.e., Φ2b′). If we allow for all four states to interact, the problem is









Φ2b 0 0 t
√
3t
Φ2b′ 0 4E ≈ 0 ≈ 0
Φ1a t ≈ 0 0 0
Φ1a′
√
3t ≈ 0 0 4E

where we have assumed orthogonality between the two low-lying localized wave func-
tions at each Mn site. Furthermore, the two lower localized states at both Mn1 and
Mn2 are considered at ’0’ relative energy and the two complementary higher-lying
localized states are at energy 4E=t. The non-zero effective hopping matrix elements
are for an Mn1- O -Mn2 angle of 180 degrees. The interactions between the states






a are considered to be negli-
gible and hence, set to zero at this level of approximation. Solving this problem, we
estimate that the stabilization energy due to the additional interactions introduced
with the presence of the higher CASCI states is 1.7t and the energy splitting is found
to be 4.16t. To justify our findings, based on this simple model, we designed a set of
calculations that allow for introducing the two higher states in the interaction. We
prevent the artificial rotation of the occupied Mn 3d (eg)-like orbitals at each Mn ion.
We performed a state average CASSCF calculation for the ’electron doped’ fragment
within an active space, containing the two Mn 3d (eg)-like orbitals. The orbitals for
the ’undoped’ fragment were obtained in a single root CASSCF calculation within
an active space that contains 0 Mn 3d (eg)-like orbitals. Using the natural orbitals
for the lower state of the fragment with the added electron, we construct two CASCI
wave functions localized either at Mn2 or Mn1 within an active space that contains all
Mn 3d (t2g)-like orbitals from both fragments and only one of the natural 3d (eg)-like
orbitals of the fragment with the added electron, that one that has an occupation
number different from 0.0. Analogously, we construct the two higher CASCI wave
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functions, using now the other natural 3d (eg)-like orbital of the ’electron doped’
[MnO6]9− fragment which is occupied in the higher Eg -like state of this fragment.
All four CASCI states are allowed to interact. We find indeed a significant interaction
of -0.18 eV between the two states, Φ2b (Mn2dx2) and Φ
1
a′ (Mn1dx2−z2), localized at
Mn2 and Mn1, respectively. This interaction is larger than t but it is smaller than√
3t. The reason for this is the fact that the Mn1-Mn2 angle is smaller than 180o
in the tilted form of the compound, hence the interaction is overestimated using the
simplified model above. The energy splitting is calculated to be about 0.5 eV and the
stabilization energy becomes 1.4t.
The CASSCF approach for the super-clusters does lead to localized occupied 3d
eg-like orbitals at either one of the Mn ions just as it did for LaMnO3. However
the occupied 3d eg-like orbital at one of the two Mn ions is no longer directed along
the longer Mn-O bond. This is due to an artificial rotation of the initially occupied
3d eg-like orbitals derived from the ’electron doped’ [MnO6]9− fragment. The two
lower localized CASSCF wave functions for [Mn2O11]15−ab display that rotation of the
occupied Mn 3d eg-like orbitals. This artificial rotation leads to an increase in the
DE interaction (see the last row in Table 4.6 (a)).
For the [Mn2O11]15− cluster along the c axes, (Mn atoms 2 and 4 in Figure 4.2 (b))
with an Mn- O(1)-Mn angle of 158.6 0, t( 12 )c= -84 meV. This value of t is obtained by
considering only the two lower localized CASCI states. The DE interaction associated
with the higher CASCI states, which can be characterized by wave functions Φ2b′ and
Φ4b′ , is expected to be larger due to the σσ -type mutual orientation of the occupied
eg- like orbitals localized at the two Mn sites in the [Mn2O11]15−c super-clusters.
We made an estimate of the nearest-neighbour exchange interactions based on
CASPT2 results obtained with CASSCF wave functions, where the latter are built
within a minimal 5d+3d active space. The estimates of J derived from the energy





and 12 are similar. They show a maximum deviation from the average value of J of
≈0.4 meV. The CASPT2 average value of J between the Mn3+ and Mn4+ ions is
3.2 meV and if we take into consideration that we underestimate J at this level of
approximation by about 20 % compared to the experimental results, then the increase
in the value is expected to be up to 4.0 meV. We find a ferromagnetic exchange
coupling between the Mn3+ and Mn4+ ions with a small magnitude. A neutron
diffraction study, performed already in the 50’s of the magnetic properties of the
series La1−xCaxMnO3 led to the conclusion that the exchange coupling in general is
ferromagnetic between Mn3+ and Mn4+ ions, antiferromagnetic between Mn4+ ions
and either ferromagnetic or antiferromagnetic between Mn3+ ions [32].
Like in the case of LaMnO3, we compared the DE parameters obtained from the
[Mn2O11]15− super-clusters with those obtained from the [Mn4O20]25− super-clusters,
for high-spin coupling between the four Mn ions. The results are listed in Table 4.7 (a)
and (b). First the [MnO6]8− fragment orbitals are constructed without taking into
account the nearby added electron. As we already showed in the case of LaMnO3
disregarding the presence of the nearby effective nuclear charge leads to an underes-
timation of the values of t, but does not restrain one from deducing the cluster size
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Table 4.7: DE parameters, for [Mn4O20]
25− clusters representing hole doped CaMnO3 in
the ab plane and perpendicular to the ab plane. In Figures 4.1 and 4.2 is illustrated the atom
labeling. Maximum spin multiplicity (2S+1=14) of 13 active electrons in 5+3+3+3 active
orbitals.




ion pairs 1 2, 3’ 4’ 1 3’, 2 4’ 1 4’ 2 3’
-t 7
2
(meV) 432 428 19 24
2.
[Mn4O20]c25−
ion pairs 1 2, 3 4 1 3 2 4 1 4 2 3
-t 7
2
(meV) 416 119 195 1 0
b) The added electron at one embedding Mn ion of the ’undoped’ [MnO6]8− fragment is
represented by decreasing the effective charge at that ion by one;
1.
[Mn4O20]ab25−
ion pairs 1 2, 3’ 4’ 1 3’, 2 4’ 1 4’ 2 3’
-t 7
2
(meV) 620 613 17 23
2.
[Mn4O20]c25−
ion pairs 1 2, 3 4 1 3 2 4 1 4 2 3
-t 7
2
(meV) 593 153 303 1 1
dependencies of t due to the local and ’Mn ion’-selective effect of this nearby effective
charge on the electron relaxation processes at the different Mn4+ ions in the super-
cluster. Nevertheless, we carried out calculations for the [Mn4O20]25− super-clusters
using localized orbital sets for the ’undoped’ [MnO6]8− fragments which ”know” for
the presence of the nearby extra electron. Comparing the various DE parameters
obtained without and with accounting for the effect of the nearby electron (Table 4.7
(a) and (b)) shows, as expected, that the first set of calculations underestimates the
DE couplings even more than it did in LaMnO3 (∼ 30 %). Clearly the electronic re-
laxation and polarization effects at the ions involved in the hopping and their closest
counterions enhances the DE interaction between these ions.
Although the low-spin coupling configurations are not accessible due to computa-
tional limitations, assuming 2S+1 proportionality as found in the smaller clusters, we
could deduce the relevant t( 12 ) parameters. Like in LaMnO3, we find only a modest
cluster-size dependence of those low-spin coupling parameters: the value for t( 12 )ab
varies from -171 meV (Table 4.6 (b)) in [Mn2O11]15−ab to -148 meV and -155 meV in
the [Mn4O20]25−c and [Mn4O20]
25−
ab super-clusters. The cluster-size dependence for
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the nearest neighbour interactions along the c direction is also little: t( 12 )c between
ions 2 and 4 is -76 meV in [Mn4O20]25−c (Table 4.7 (b)) and -84 meV in [Mn2O11]
15−
c .
The other symmetry-unique DE interaction between Mn ions 1 and 3 is -38 meV.
The next nearest neighbour DE interactions along c are negligible and within the ab
plane they are an order of magnitude smaller than the nearest neighbour interactions:
t’( 72 )ab is -17 or -23 meV, depending on the ion pair.
At this point, we can summarize that we find the DE parameters associated with
nearest neighbour hopping of a single electron, introduced by doping in pure CaMnO3
to be t( 12 )ab ≈ -0.17 eV and t( 12 )c ≈ -0.06 eV.
Analogously to the calculation of the stabilization energy associated with the inter-
action of the four localized low-lying CASCI states of the [Mn2O11]15−ab super-cluster
(see above), we calculate the stabilization energy associated with the interactions be-
tween all eight low-lying localized CASCI states (two per Mn site) in the [Mn4O20]25−
super-clusters. If we allow only for the four low-lying localized CASCI states in the
[Mn4O20]25−ab super-cluster to interact, the computed stabilization energy is ∼ 0.21 eV
and the energy splitting is about twice as large: ∼ 0.43 eV. The CASCI wave functions
describing the four low-lying states, localized at either Mn1, Mn2, Mn3′ or Mn4′ of
the [Mn4O20]25−ab super-cluster (see Figure 4.1 (b)) can be denoted as in [Mn2O11]
15−
ab






a . The other four higher CASCI states with the second
3d (eg) -component occupied are at about 0.2 eV above the lower-lying CASCI states.






a′ analogous to the CASCI wave
functions of the [Mn2O11]15−ab super-cluster. The stabilization energy associated with
the interactions between all eight low-lying localized CASCI states is then computed
allowing for all eight states to interact. The stabilization energy, obtained as the
difference between the energy of the lowest CASCI states, localized at Mn2 and Mn3′ ,
and the lowest delocalized state, is ∼ 0.26 eV and the total energy splitting is ∼ 0.8
eV. This analysis clearly confirms that the role of the higher-lying localized states
in the delocalization of the added electron in CaMnO3 is significant. In Chapter
5, we explicitly derive the many-body electron bands associated with the two low-
lying localized CASCI states and quantify the contribution of the higher states to the
formation of the many-body electron bands in lightly electron doped CaMnO3.
It becomes clear, that the energies associated with the nearest neighbours DE in
the ab planes for both compounds are much larger compared to those of the corre-
sponding nearest neighbours exchange couplings. The energy difference between the
parallel and anti-parallel spin pairing is about 12 meV for pure CaMnO3 and about
-13 meV for pure LaMnO3. The calculations on the nearest neighbour exchange in-
teractions show that the presence of an extra electron or extra hole does not lead to
a significant enhance of J.
We can make further the following analysis: In lightly doped CaMnO3 if one
considers electron delocalization over the complete system, the DE mechanism leads
to a band stabilization energy of about 0.8 eV per added electron. This estimate is
obtained by considering only the two lower-lying localized states which have the 3d
(eg) -like orbital along the long Mn-O bond occupied and by using the simple relation
between the stabilization energy Edeloc and the hopping matrix elements t, Edeloc ≈
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4t( 12 )ab+2t( 12 )c. We note that the low-lying localized states with the second 3d (eg)
-component occupied contribute also to the delocalization of the extra electron, along
the c axes and within the ab planes. This issue will be considered in detail in Chapter
5. In case the electron is delocalized over only an octahedral cluster that contains the
central Mn ion and its six nearest Mn neighbours, this incomplete delocalization of
the extra electron leads to a stabilization energy of about ≈ 0.35 meV, i.e. ∼ 40-50
% of the band stabilization energy. If a single spin flip occurs at the central Mn ion it
will multiply the DE parameter with its six nearest Mn neighbours by a factor of four,
and it is therefore more favorable. This leads to a total stabilization energy of about
1.4 eV. Since the nearest neighbour exchange interactions do not increase significantly
due to the presence of the added electron, the energy loss associated with the nearest
neighbours exchange coupling is an order of magnitude smaller. Hence, for small
doping concentrations, the DE interaction in CaMnO3 is large enough to produce for
each added electron a so-called ”self-trapped magnetic polaron” [55–57], i.e. a local
ferromagnetic cluster in which the electron can lower its energy by delocalization.
4.5.3 La0.75Ca0.25MnO3
In this section we calculate the hopping matrix elements between two localized CASCI
wave functions associated with the hopping of a single eg -like electron between two
Mn sites in La0.75Ca0.25MnO3. We discussed already in section 4.3 the arbitrariness
in the positions of the Ca and La ions in the unit cell of the compound. Since
it is equally probable to assign Ca or La to any of the four positions (the La/Ca
sites) in the unit cell, this introduces arbitrariness in the positions of the nearest
neighbouring Ca ions around the [Mn2O11]15− super-clusters. We have restrained
this arbitrariness to some extent by distributing the nearest neighbouring Ca ions
as it is shown in Figure 4.5. Although one may find in the literature reports for
structural inhomogeneity in lightly doped manganites [86] such as La1−xSrxMnO3,
we have maintained in our model clusters the proportion of Ca:La to be 1: 3. Any
deviation from the random distribution of Ca at the La/Ca sites would lead to La-rich
and Ca-rich clusters in the crystal, that is accompanied by local structural disorder
on the cation sub-lattice in the vicinity of the La-rich and Ca-rich regions [86]. Since
the lattice parameters of Ca-rich and Ca-poor compounds are different, the stress
between the two regions may lead to cracking, bad mosaicity of the crystal or even
to polycrystalline samples [27, 28]. In case this inhomogeneity in the distribution of
the Ca ions exists at the doping concentration 0.25 and T=100 K, it would lead to
inhomogeneity in the hole distribution or even to phase co- existence [27, 28]. The
crystal structure refined at 100 K and at the doping concentration x=0.25, chosen in
this study, does not support this inhomogeneity. Assuming that at doping x=0.25, the
system is rather disordered, we designed our model clusters to maintain the ratio 1: 3
in the nearest Ca/La embedding around [Mn2O11]15−. We assigned to these nearest
ions, represented by TIPs, formal charges of +3 for La and +2 for Ca, whereas we
assumed a complete charge averaging at 2 34 for the optimized point charges of the
embedding. The charges of all embedding Mn ions are averaged at 3 14 . There are
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Figure 4.5: Illustration of the crystal structure of La0.75Ca0.25MnO3; Pbnm space group;
Representation of the model [Mn2O11] super-clusters in the ab plane and the distribution of
the nearest 12 embedding La/Ca ions around the super-clusters.
8 La/Ca ions around each [MnO6] fragment. For a particular [MnO6] fragment,
positioning an embedding Ca ion at a particular lattice La/Ca site determines the
position of the second Ca ion within the nearest La/Ca embedding array, namely, the
second Ca ion is positioned at a La/Ca site, connected to the first La/Ca site through
the cube body diagonal between them (see Figure 4.5). The same ”building” principle
is applied to the nearest La/Ca embedding of the [Mn2O11]15− super-clusters.
Employing this ”building” principle, we construct four different distributions of
the 8 La/Ca ions around the [MnO6] fragments. They differ in the positions of the
two nearest Ca ions with respect to the fragment Mn ion. One distinguishes four
different Mn-Ca distances in our four models: 6.304 atomic units (a.u.), 6.380 a.u,
6.160 a.u. and 6.519. a.u.
We perform CASSCF calculations for all four [MnO6] fragments in which the Mn
ion has a formal valency 3+ as well as for all four [MnO6] fragments with formal
valency 4+. The orbitals of the [MnO6]9− fragments are optimized for the lower
component of the 5Eg-like state in Oh symmetry. The other component is found at
about 0.1-0.3 eV higher energy. According to MPA the occupied (eg)- like orbital
consists of 92-94 % Mn -3d. The orbitals of the [MnO6]8− fragments are obtained for
the 4Ag -derived ground state. In all cases, the t2g-like orbitals consist of 96-98 %
Mn 3d.
For La0.75Ca0.25MnO3, relevant is the orientation of the [MnO6]9− fragments oc-
cupied Mn 3d (eg)- like orbital in the presence of the nearby hole at a neighbouring
Mn4+ ion, which is introduced in the present CASSCF fragment calculations by in-
Results and Discussion: La0.75Ca0.25MnO3 113
Table 4.8: DE parameter tab, overlap integrals S12 and Hamilton matrix elements H12
between CASCI wave functions for a [Mn2O11]
15− super-cluster in the ab plane representing
La0.75Ca0.25MnO3. 7 electrons in 5d+3d active orbitals; Mn1-Ca (6.380 a.u.); Mn2-Ca(6.519
a.u.)
The effect of the nearby electron on the orbitals of the [MnO6]8− fragment is included, so is the
effect of the nearby hole on the orbitals of the [MnO6]9− fragment.
2S+1 8 6 4 2
−tab (meV) 743 557 371 186
S12 10.551.10−3 7.928.10−3 5.293.10−3 2.648.10−3
-H12 (hartree) 34.801994 26.151784 17.458771 8.734525
H11, H22 (meV)a 0; 14 -2; 12 -3; 11 -4; 10
aThese energies have been shifted upwards by 3295.992952 hartree
creasing the effective nuclear charge of that neighbouring Mn ion by one. Analogously
the orbitals of the [MnO6]8− fragments are optimized accounting for the presence of
the nearby electron at a neighbouring Mn3+ ion by decreasing the effective nuclear
charge of that neighbouring Mn ion by one.
Like in LaMnO3 and CaMnO3, two different Mn-O-Mn units with slightly different
geometry can be distinguished within the ab planes and likewise there are two different
Mn-O-Mn units perpendicular to the ab planes. For one of the [Mn2O11]15− clusters,
we describe in detail our analysis in Tables 4.8 to 4.10. As already pointed out for
LaMnO3 and CaMnO3, these results are representative for all [Mn2O11]15− clusters.
The cluster analyzed in detail contains Mn ions 1 and 2, both in the ab plane (see
Figure 4.5). The distances between Mn ions 1 and 2 and the bridging oxygen ion are
1.974 A˚, and 1.957 A˚, respectively and the Mn-O-Mn angle is 160.3◦. Because the
[Mn2O11]15− super-clusters are viewed as built from [MnO6] fragments, we consider
also for them four different distributions of the nearest embedding 12 La/Ca ions, that
differ in the positions of the nearest embedding 3 Ca ions. These distributions of the
embedding La/Ca ions are derived in consistency with the four model distributions
of the embedding 8 La/Ca ions around the fragments. This leads to four different
models for the [Mn2O11]15−ab super-cluster and for each of them the Mn1-Ca and Mn2-
Ca distances have two different values.
In Table 4.8, we list the results for a [Mn2O11]15−ab super-cluster for which the Mn1-
Ca and Mn2-Ca distances are 6.38 a.u. and 6.52 a. u., respectively. The two lowest
CASCI states of this super-cluster have the eg- like electron localized around the long
bond of Mn1 with Ob and mostly around the short bond of Mn2 with Obb. The active
orbital set for the CASCI wave functions of the super-cluster is designed as a super-
position of the active orbital sets of the two [MnO6]9− and [MnO6]8− fragments. The
active spaces contain four electrons in five Mn 3d-like orbitals and three electrons
in three Mn 3d (t2g)-like orbitals, respectively. Analogous to the notations adopted
for LaMnO3 and CaMnO3, we refer to this active space as to 5d+3d active space.
Taking the x -axis along the long Mn-O bond in the [MnO6]9− fragment with Mn-Ca
bOb denotes the shared O ion between Mn1 and Mn2
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Table 4.9: DE parameter tab, overlap integrals S12 and Hamilton matrix elements H12
obtained from the interaction between two localized CASSCF wave function in a [Mn2O11]
15−
super-cluster in the ab plane representing La0.75Ca0.25MnO3. 7 electrons in 5d+3d active
orbitals; Mn1-Ca (6.380 a.u.); Mn2-Ca(6.519 a.u.)
2S+1 8 6 4 2
−tab (meV) 784 585 392 196
S12 0.196737 0.144220 0.092318 0.044517
-H12 (hartree) 648.485328 475.378761 304.300945 146.737535
H11, H22 (meV)a 0; 15 7; 22 12; 27 14; 30
a These energies have been shifted upwards by 3296.060606 hartree
distances of 6.38 a.u., the relevant occupied Mn 3d (eg)- like orbital has predominantly
3d2x2−y2−z2 character i.e., it is directed along the long Mn-O bond. For the other
[MnO6]9− fragment with Mn-Ca distances of 6.52 a.u., and with the y -axis along the
long Mn-O bond, the occupied Mn 3d (eg)- like orbital is mostly 3dx2−z2 , oriented
mainly along the short Mn-O bond.
The orientations of the occupied Mn 3d (eg)- like orbital in the two localized
CASCI states of [Mn2O11]15−ab are those obtained from the fragments calculations.
The energies of the two CASCI states differ by about 15 meV (see Table 4.8) due to
the slight difference in the environment of the two Mn ions. The mutual orientation
of the occupied Mn 3d (eg)- like orbitals at Mn1 and Mn2 in the two localized CASCI
states, respectively results into a σσ type interaction. The interaction between the
magnetic moments at the Mn ions within the ab planes is ferromagnetic and hence, the
relevant parameter t is that for high spin coupling S= 72 . The DE interaction between
the localized states gives t( 72 )ab=-743 meV. Analogous to LaMnO3 and CaMnO3, we
obtain almost perfect 2S+1 proportionality of t. Furthermore, note that H12 and S12
are also roughly proportional to t just as in LaMnO3 and CaMnO3. As we noted
above, the [MnO6]9− fragment orbitals incorporate the effect of the presence of a hole
at the relevant neighbouring Mn4+ ion. Analogously the orbitals of the [MnO6]8−
fragment are derived considering the nearby electron at the relevant neighbouring
Mn3+ ion.
Furthermore, in Table 4.9 we list, for comparison, the DE quantities obtained with
the CASSCF wave functions of the [Mn2O11]15−ab super-cluster. In Figure 4.6, we have
illustrated by means of difference spin density maps the character and orientation
of the relevant occupied Mn 3d (eg)- like orbitals for the two localized states in the
[Mn2O11]15−ab super-cluster. As expected, the CASSCF leads to an increase in H12 and
S12 but the overestimation of the DE interaction in this case is only modest. Note,
that the near degeneracy of the two localized CASCI states is preserved because the
super-cluster environment in the directions in which the relevant occupied Mn 3d
(eg)- like orbital at Mn1 or Mn2 is oriented is quite similar. We also notice that the
exchange interaction between neighbouring Mn3+ and Mn4+ ions in the ab plane is
more than an order of magnitude smaller than the DE interaction between them,
again just as in LaMnO3 and CaMnO3.
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Figure 4.6: Character and orientation of the occupied Mn 3d (eg)- like orbitals localized
around Mn1 and Mn2 for the two CASCI states of the [Mn2O11]
15−
ab super-cluster with Mn1-
Ca and Mn2 -Ca distances of 6.380 a. u. and 6.519 a. u., respectively.
It is interesting to make an analysis of the interactions that arise between two
CASCI states localized at Mn1 and Mn2 in the other three model [Mn2O11]15−ab
super-clusters. Here, we present in detail this analysis for the model [Mn2O11]15−ab
super-cluster with Mn1-Ca and Mn2-Ca distances of 6.160 a. u. and 6.380 a. u.,
respectively. The results for this super-cluster are reported in Table 4.10 (a) and (b).
The importance of choosing an adequate embedding in the CASSCF calculations for
the fragments can be illustrated by the following considerations. If the embedding
of the [MnO6]9− fragment does not contain information about the nearby hole at a
relevant Mn4+ ion (all nearest embedding Mn ions are assigned an averaged charge
at 3 14 ) and if the embedding of the [MnO6]
8− fragment is not ”informed” about the
presence of the nearby electron at a relevant Mn3+ ion, the use of the orbitals derived
for those fragments leads to an underestimation of the DE interaction between the
neighbouring ions Mn3+ and Mn4+ (see Table 4.10 (a)).
The DE interaction is obtained as the hopping matrix elements between the two
CASCI states of the [Mn2O11]15−ab super-cluster with the (eg)- like electron localized
around either Mn1 and Mn2. It is about twice as small -335 meV, compared to the
σσ type interaction, obtained in the model [Mn2O11]15−ab cluster, above.
To classify this interaction, we referred to a simple consideration of the orientation
and character of the occupied Mn 3d (eg)- like orbital localized around Mn1 and Mn2
for the two CASCI states.
If the x -axis is taken along the long Mn-O bond in the [MnO6]9− fragment with
Mn-Ca distances of 6.16 a. u., the occupied Mn 3d (eg)- like orbital has predominantly
3d2x2−y2−z2 character, i.e., it is oriented along the long Mn-O bond. The occupied
Mn 3d (eg)- like orbital for the other [MnO6]9− fragment with Mn-Ca distances of
6.38 a. u. is directed also along the long Mn-O bond. It is mostly 3d2y2−x2−z2 if the y
-axis is taken along this long Mn-O bond. Since the active orbital set of [Mn2O11]15−ab
is constructed as a super-position of the active orbital sets of the two fragments, the
two lowest CASCI states of this super-cluster have the occupied Mn 3d (eg)- like
116 Chapter 4, Double exchange in manganites
Table 4.10: DE parameter tab, overlap integrals S12 and Hamilton matrix elements H12
between CASCI wave functions for a [Mn2O11]
15− super-cluster in the ab plane representing
La0.75Ca0.25MnO3. 7 electrons in 5d+3d active orbitals; Mn1-Ca (6.160 a.u.); Mn2-Ca(6.380
a.u.)
a) The effect of the nearby electron on the orbitals of the [MnO6]8− fragment is not included,
neither is the effect of the nearby hole on the orbitals of the [MnO6]9− fragment.
2S+1 8 6 4 2
−tab (meV) 335 252 168 84
S12 0.37074.10−3 0.273.10−3 0.178.10−3 0.087.10−3
-H12 (hartree) 1.209642 0.892058 0.580424 0.283376
H11, H22 (meV)a 0; 23 0; 21 -3; 19 -4; 18
aThese energies have been shifted upwards by 3295.993016 hartree
b) The effect of the nearby electron on the orbitals of the [MnO6]8− fragment is included, so is the
effect of the nearby hole on the orbitals of the [MnO6]9− fragment.
2S+1 8 6 4 2
−tab (meV) 729 547 365 183
S12 9.691.10−3 7.281.10−3 4.863.10−3 2.434.10−3
-H12 (hartree) 31.966760 24.018799 16.041383 8.028608
H11, H22 (meV)a 0; 66 -1; 64 -3; 63 -4; 62
aThese energies have been shifted upwards by 3295.998786 hartree
orbital and consequently the eg- like electron localized around the long bond of either
one of the two Mn ions. This mutual orientation leads to a σpi -type interaction just
as in LaMnO3 and CaMnO3. The strength of this interaction is expected and found
to be twice as small, compared to a σσ type interaction. In Figure 4.7, we illustrate
the orientation of the relevant eg-like orbitals for the two localized CASCI states.
Next, the orbital sets for the CASCI wave functions of the [Mn2O11]15−ab super-
cluster are derived from fragments calculations in which the [MnO6]9− fragments
orbitals carry information about the presence of the nearby hole at Mn4+ and the
[MnO6]8− fragments orbitals incorporate the effect of the nearby electron at Mn3+.
The results for the DE parameters, S12 and H12 are reported in Table 4.10 (b).
Comparing the results of Tables 4.10 (a) and 4.10 (b) reveals, that significantly
larger values of S12 and H12 and tab occur when the fragments orbitals are optimized
in the presence of the neighbouring effective charges, representing the hole or eg-
like electron at Mn4+ and Mn3+, respectively. The character of the occupied eg-
like orbitals for the two lowest CASCI states shows a change for that CASCI state
which is localized around the Mn2 ion. For this CASCI state, the eg-like orbital
has predominantly 3dx2−z2 character and its lobes are oriented along the short and
intermediate bonds. The interaction is no longer of σpi -type but rather σσ -type and
the DE parameter has in accordance a larger magnitude of -729 meV (the bold number
in Table 4.10 (b)). The DE parameter obtained with the CASSCF wave functions
of [Mn2O11]15−ab is overestimated, as expected, but only modestly. In Figure 4.8, we
have illustrated the new mutual orientation of the relevant eg-like orbitals of the two
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Figure 4.7: Character and orientation of the occupied Mn 3d (eg)- like orbitals localized
around Mn1 and Mn2 for the two CASCI states of the [Mn2O11]
15−
ab super-cluster with Mn1-
Ca and Mn2 -Ca distances of 6.160 a. u. and 6.380 a. u., respectively.
Table 4.11: DE parameters tc(
7
2
), obtained from the interaction between two localized
CASCI wave functions for [Mn2O11]
15− super-clusters in a plane perpendicular to the ab
plane. In all cases the presence of the nearby hole or eg- like electron is included;
d(Mn-Ca) (a. u.) in [Mn2O11]15−c 6.519 6.304 6.380 6.160
−tc (meV) 750 724 728 739
localized CASCI states. Clearly, incorporating the effect of the presence of the hole or
eg- like electron in the optimization of the fragments orbitals is necessary for obtaining
meaningful results for the DE interaction. Introducing adequate embeddings for the
fragments calculations which carry information about the nearby hole or eg -like
electron, we obtained that for all model [Mn2O11]15−ab super-clusters the two lowest
CASCI states have the eg-like orbital oriented along the bond (s) of either one of the
two Mn ions that leads to a σσ -type interaction and maximizes t.
The values of tab for the other two model [Mn2O11]15−ab super-clusters with Mn1-
Ca and Mn2-Ca distances of 6.519 a. u. and 6.304 a. u. and 6.304 a. u. and 6.160 a.
u., respectively are -789 meV and -745 meV, depending on the eg-like orbitals at Mn1
and Mn2 involved in the interaction. For all super-clusters, the values of t obtained
with CASSCF wave functions for the super-clusters show a modest overestimation of
the DE interaction.
Analogous analyses were carried out for four model [Mn2O11]15−c super-clusters
in which the Mn1-Ca and Mn2-Ca distances are equal. The values of tc( 72 ) obtained
from the different super-clusters are summarized in Table 4.11. Since the nearest
neighbour spin coupling along c is ferromagnetic the relevant parameters are again
these for S= 72 . For all four model [Mn2O11]
15−
c super-clusters, we find the nearest
neighbour DE parameters along c to be of the same magnitude as those within the
ab planes. The strong DE couplings within the ab planes and along the c axes are
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Figure 4.8: Character and orientation of the occupied Mn 3d (eg)- like orbitals localized
around Mn1 and Mn2 for the two CASCI states of the [Mn2O11]
15−
ab super-cluster with Mn1-
Ca and Mn2 -Ca distances of 6.160 a. u. and 6.380 a. u., respectively.
consistent with the high mobility of the eg-electrons, expected in this compound. The
homogeneity in the values of t in all directions leads to a band stabilization energy of
about 4 eV per one hole due to delocalization of the hole over the complete system.
Although we do not check explicitly the cluster size dependence of the parameters,
we anticipate very little cluster dependencies in analogy with our findings for LaMnO3
and CaMnO3. The next-nearest neighbour DE parameters are not considered in the
current study. Based on our investigations, these parameters are expected to be at
least an order of magnitude smaller than the nearest neighbour parameters.
4.6 Summary and Conclusions
In the present chapter, we employed the overlapping fragments approach (OFA) for
the calculation of DE parameters, in doped perovskite manganites. We determine
the DE parameters t defined in terms of hopping matrix elements between localized
hole or electron states in lightly hole doped LaMnO3 and electron doped CaMnO3.
Furthermore, the DE parameters defined as the hopping matrix elements between
localized hole states in La0.75Ca0.25MnO3 are also considered. The hopping matrix
elements are defined as effective Hamiltonian matrix elements between mutually non-
orthogonal many-electron states, associated with the hopping of an electron or hole
between two lattice sites MnI and MnJ . These effective matrix elements are expressed
in terms of the diagonal and off-diagonal Hamiltonian matrix elements and overlap
integrals of localized mutually non-orthogonal states i and j, described by ΦIa and Φ
J
b
that have a hole or an extra electron localized around ions MnI and MnJ . The mul-
ticonfiguration wave functions ΦIa and Φ
J
b and their matrix elements are obtained by
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performing CASCI calculations on sufficiently large embedded super-clusters, which
in the present study are [Mn2O11] and [Mn4O20]. Employing the OFA, we construct
an individual localized orbital basis set for each ΦIa and Φ
J
b . The orbitals in each set
are determined from CASSCF calculations for small embedded [MnO6] fragments,
centered around one particular Mn ion. Constructing the total super-cluster orbitals
from smaller overlapping fragments has several advantages, compared to a direct wave
function optimization for the super-cluster. One is that the site symmetry is usually
preserved in the smaller fragment whereas this is not the case in the super-cluster
and another is the fact that the molecular orbitals remain localized. In this way, the
orbital relaxation effects and the polarization effects are included in a natural way.
Let us summarize the steps involved in the computation of HCIJab and S
CIJ
ab ,
1. Perform a series of CASSCF calculations for the [MnO6] fragments in d4 and
d3 electronic configurations, in order to determine a set of doubly occupied or
inactive orbitals as well as a set of active orbitals for the ground and lowest
ionized (added-electron) states of the fragments.
2. Construct the occupied orbital set of the super-cluster, by combining the oc-
cupied orbital sets of the fragments after their unitary transformation. It is
important to account for the nearby extra charge in the orbital optimization of
the fragments in the ground state configurations. The unitary transformation is
followed by a corresponding orbital analysis in order to eliminate the occupied
orbitals associated with double- counted electrons.




c ....) and their corresponding
energies, HCIJaa and H
CIJ
bb , by performing CASCI calculations on the super-
cluster. The CASCI wave functions are expressed in terms of the localized
orbital basis sets, generated in the previous step separately for each CASCI
wave function. They are mutually non-orthogonal.
4. Finally compute the Hamiltonian matrix elements HCIJab and the overlap inte-
grals SCIJab and determine t. t is an effective one-electron operator and H
CIJ
ab and
SCIJab are matrix elements between multi-configuration many-electron wave func-
tions. Since ΦIa and Φ
J
b are expressed in mutually non-orthogonal orbital sets,
the computation of HCIJab and S
CIJ
ab is more complicated than the computation
of a one-electron integral.
In all cases the overlap integrals SCIJab between two localized CASCI wave functions
are less than 1.1x10−2, so in practice, we can compute t always according to t ≈





2 . Because of the slightly different cluster-environment of I and
J in some super-clusters, HCIJaa and H
CIJ
bb , differ by a small energy, even if the sites
I and J are equivalent in the crystal. In all cases, this energy difference is small
and it does not influence the outcomes. The next nearest neighbour parameters in
LaMnO3 and CaMnO3 were found much smaller compared to the nearest neighbour
parameters. Therefore, they will be disregarded in the discussion below. Although
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not explicitly computed the next nearest neighbour parameters in La0.75Ca0.25MnO3
are also expected to be smaller than nearest neighbour parameters.
The approach ensures that the local electronic relaxation effects are taken into
account. Dynamical correlation effects can be included by choosing an appropri-
ately large active space in the CASCI calculation. In the present study, we have not
investigated the dependence of the hopping matrix elements on dynamical electron
correlation. Recent work on comparable systems [8] has shown that the hopping ma-
trix elements are only weakly dependent on the inclusion of dynamical correlation, so
we do not anticipate large changes.
In all cases incorporating the effect of the presence of an extra charge at a relevant
neighbouring Mn ion while optimizing the orbitals of the [MnO6]9− and [MnO6]8−
fragments is important for evaluating the magnitude of the DE interactions.
We obtained anisotropic values for the DE parameters in LaMnO3 within the ab
planes tab( 72 )=-0.26 eV and perpendicular to them tc(
1
2 )≈ -0.05 eV. The hopping
interaction in the ab plane is large enough to yield a band stabilization energy of
about 1 eV per hole, due to delocalization in this plane. Delocalization along c adds
only 0.1 eV to this stabilization energy. If the JT distortion were not present in the
lattice, the DE parameter in ab would be about twice as large: -0.57 eV. Clearly, the
JT distortion is unfavorable for double exchange. Assuming comparable energy scales
of the JT distortions and the DE parameters, one may expect a competition between
JT stabilization and the hole-delocalization energy, where the latter is, at least for
small doping, proportional to the hole concentration.
For CaMnO3, we found tab( 12 ) ≈-0.17 eV and tc( 12 ) ≈-0.06 eV. The interactions
within the ab planes are weaker than in LaMnO3, despite the absence of JT distortion.
This is due to the fact that the nearest-neighbour spin coupling in the ab planes is
antiferromagnetic. According to simple models such as the Zener model and models
found in textbooks [22] (also [21]), electron hopping in the ab planes of CaMnO3
should be prohibited due to the antiferromagnetic couplings. In contrast to these
simple models we found in all cases an almost perfect 2S+1 proportionality of the DE
parameters, where S is the combined spin of the two magnetic ions. This result is in
excellent agreement with the more refined model of Anderson and Hasegawa [23]. This
allows one to conclude that the DE mechanism is active not only in a ferromagnetic
phase but also for antiferromagnetic coupling, although in the latter case it is indeed
not as effective as in the former case. We did not find in the literature direct estimates
of values for DE deduced from experiments. However, it is widely accepted that the
hopping parameter is just a fraction of an eV [38]. We found the energies associated
with the nearest neighbour DE within the ab planes considerably larger than the
corresponding nearest neighbour Heisenberg exchange coupling energies. The energy
effects of different competing factors such as JT distortion, exchange and double
exchange interactions are accounted for by using complex effective Hamiltonians [88],
but solving these is beyond the scope of this study.
A simple analysis of the stabilization energy associated with the incomplete delo-
calization of an extra electron over an octahedral cluster, consisting of a central Mn
ions and its six nearest Mn neighbours, allows us to conclude that, for small dop-
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ing concentrations, the DE interaction in CaMnO3 is strong enough to produce for
each electron, introduced in the material by doping, a so-called self-trapped magnetic
polaron [55–57]. We considered as well the role of the higher-lying localized CASCI
states with the other 3d eg -component occupied in the delocalization of the extra
electron. We found an important contribution of those states to the stabilization
energy obtained, if we allow also for those states to interact in between and with the
lower-lying CASCI states in the [Mn2O11] and [Mn4O12] super-clusters. The contri-
bution of the higher-lying localized CASCI states to the band stabilization energy
will be considered in more detail in Chapter 5.
For La0.75Ca0.25MnO3 we found similar values of t within the ab planes and along
c. It turns out important not only for the magnitude of the DE parameter but also
for the type of the interaction to include the presence of the hole or the eg-electron
at a neighbouring embedding Mn ion while optimizing the orbitals of the [MnO6]9−
and [MnO6]8− fragments. We find rather large width of the eg-like band. The band
stabilization energy per hole is about 4 eV. The results obtained for La0.75Ca0.25MnO3
show that the simple Anderson model, that predicts an effective electron mobility in
an environment of parallel spins, offers an adequate qualitative description of the
relation between ferromagnetism and conductivity.
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